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Reinforced concrete has been established as the most widely used construction 
material in the world. Corrosion caused in reinforced concrete structures by ingression 
of contaminants which is costing developed countries approximately 2.5% of national 
annual GDP is a major challenge faced by the corrosion engineers and asset 
managers. Research to date has discovered several innovative ways in retarding the 
degradation of reinforced concrete structures. Use of sealer products is one of the 
ways in fighting the battle against corrosion. While there are several types of sealer 
products with different properties this research is focused on a penetrating sealer 
product.  
This research study aimed at evaluating the effects of a hydrogel based penetrating 
sealer treatment on the mechanical and durability properties of concrete and its ability 
to delay reinforcement corrosion due to chloride ingress and carbonation.  
A comprehensive review of literature identified the different types of sealers currently 
utilized in the construction industry and their characteristics, factors influencing the 
performance of a sealer treatment, as well as experimental procedures adopted in 
evaluating the performance of sealers in the laboratory. Also, a review of literature on 
chloride transport models are examined. The significance of the X-ray computed 
tomography imaging technique as a method of mapping the concrete pore matrix is 
also discussed. The major gap in knowledge is identified as the inadequacy of research 
undertaken to understand the effect of penetrating type sealers incorporating long term 
performance characteristics and the little utilization of modern imaging techniques such 
as X-ray computed tomography in these studies. 
A comprehensive experimental program was planned and conducted to understand 
the effect of the hydrogel based penetrating sealer treatment on the mechanical and 
durability properties of six types of concrete mixes different characteristics. 
Performance parameters investigated include compressive strength, Poisson’s ratio, 
modulus of elasticity, air and water permeability, ultrasonic pulse velocity, electrical 
resistivity, surface hardness, chloride diffusion and carbonation. Results of the 
experimental study indicated that hydrogel based penetrating sealer treatment had no 
significant effect on the mechanical properties. But, sealer treatment initially has a 
significant improvement on the air permeability. However, this improvement reduces 
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with time. In addition, the improvement is more pronounced in 1 day treated specimens 
than 28 day treated specimens. Furthermore, treatment was found to affect different 
types of concrete in different ways. Treatment improved the water permeability of 
GGBS and high strength concrete but had no effect on OPC concrete mixes. An 
anomalous behaviour was observed in low strength treated specimens when exposed 
to water. 
Another major component of the research is developing a novel method of using X-ray 
computed tomography imaging in determining the pore structure of concrete. This was 
successfully achieved and the suitable parameters for concrete X-ray imaging were 
established. A software program was developed as a part of the project using Python 
programming language to analyse the data from CT X-ray scans. Functions of the 
program were limited to determining the sizes of pores and tabulating them. 
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1. INTRODUCTION 
1.1 Background 
The relatively low cost, ready availability of raw materials and versatility has established 
steel-reinforced concrete as the most widely used construction material in the world. 
Concrete has also become the material of choice for the construction of concrete structures 
exposed to extreme conditions (Lomborg 2001).  
In general, properties of cementitious materials, such as mechanical, permeability and 
durability are directly related to the porosity of these materials. Concrete is a unique 
composite material which is microporous and highly heterogeneous (Shi et al. 2012). There 
are four types of pores in concrete based materials. (a) gel pores, which are micro-pores 
with a diameter of 0.5-10 nm; (b) capillary pores, which are meso-pores with a diameter of 
5-5000 nm; (c) macro-pores due to deliberately entrained air; (d) macro-pores due to 
inadequate compaction. Macro-pores range from 0.1 mm up to a few millimetres in 
diameter. Micro-pores are residuals of space initially filled with water, which are then 
partially filled with the reaction products. Macro-pores are formed as a result of leavening 
of the solid and micro-pores occur in the walls between macro-pores (Kumar & 
Bhattacharjee 2003; Struhárová & Rouseková 2007; Weng & Lin 2013). 
Embedded reinforcement steel in reinforced concrete is susceptible to corrosion owing to 
the porous nature of concrete cover. In the early age of concrete, reinforcing steel is 
naturally protected by the high alkalinity produced in the concrete as a by-product of 
cement hydration process. However, with time this protection capability will diminish due 
to ingress of contaminants such as Chloride ions (Cl-) and Carbon Dioxide (CO2) to the 
rebar through the concrete cover.  
The IMPACT study conducted by National Association of Corrosion Engineers (NACE) in 
2016 estimated the global cost of corrosion to be US$2,505 billion, which is equivalent to 
3.4% of the global GDP(Jacobson 2016). Therefore, improving the lifetime of a structure 
even by a few more years would be highly beneficial for the economy and environment. 
Reinforced concrete structures in marine environment are subject to highly aggressive 
deteriorating actions. Maritime structures often fail due to the harsh environment rendering 
the life span of these structures to 10-15 years before requiring substantial funds to repair 
them, often costing as much the replacement value of the structure (Patterson 1997). 
Patterson further identifies corrosion of reinforcement or prestressing cables under the 
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influence of chloride ions as the greatest cause of premature failure of concrete structures 
(Patterson 1997). The vastness of the problem created a new industry involving the 
diagnosis, repair and maintenance of deteriorated concrete structures and in the 
manufacture of repair materials (Patterson 1997). A few examples of deteriorating 
structures found in Australia are shown in Figures 1.1 -1.3. 
 
Figure 1.1 A bridge constructed in 1956 in the southern region of NSW (Wang et al. 2010b) 
 
 
Figure 1.2 A bridge constructed in 1968 in Hunter region of NSW (Wang et al. 2010b) 
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Figure 1.3 Deterioration of port structures exposed to tidal water in Port of Melbourne  (Wang et al. 2010a) 
 
Increasing the thickness of concrete cover leads to beneficial effects towards durability of 
structures as it increases the resistance against various contaminants and delays the 
corrosion initiation in rebar. In reality, however, increasing the cover thickness is not 
economical and not practical due to various mechanical considerations (Shi et al. 2012). 
Therefore, making the composite less permeable and the paste denser is a way of 
improving the barrier against contaminants. By employing concrete sealers to control the 
porosity of structures made from cementitious materials can contribute in an efficient way 
to improve the quality of these structures and, consequently, the durability of the 
construction. 
1.2 Importance of sealers 
Ingression of contaminants, particularly chlorides is a major cause for corrosion of steel 
reinforcement, which is embedded in concrete to increase its tensile strength. Therefore, 
protection of concrete from environmental factors may be critical for preserving its function 
over time. Applying concrete sealers over new or existing concrete surfaces is a typical 
solution. 
Sealers are usually applied to surfaces to reduce the penetration of undesirable materials, 
such as chlorides. Sealers may penetrate into the surface or form a very thin surface layer. 
When applied to concrete, sealers often perform as water repellents eliminating or 
retarding the penetration of water and soluble contaminants. Application of sealers are 
generally used for concrete which is frequently exposed to moisture in saline environments 
where thicker film coatings are not desired such as parking decks, bridge decks and 
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pavements. 
1.3 Aim of the research 
The main aim of this investigation is to study the effects of a commercially available, spray 
applied hydrogel based penetrating sealer on the durability of concrete focussing on the 
effectiveness against chloride and carbonation induced reinforcement corrosion. The effect 
of application of sealers on the mechanical properties, microstructure properties and 
durability characteristics will be evaluated on four typical types of concrete. The four types 
of concrete selected are OPC (Ordinary Portland Cement), FA (Fly Ash), GGBS (Ground 
Granulated Blast Furnace slag) and high strength concrete. In concrete structures exposed 
to aggressive environments such as seaports, use of fly ash and GGBS based binders 
have been shown to be more durable (Kong et al. 2013). Further, in new concrete 
structures high strength concrete mixes have been shown to be more durable. However, 
older structures which may require surface treatment may be of lower strength concrete. 
Therefore, in this study four types of concrete were investigated. 
Tests are conducted as per the Australian standards and test results are analysed and 
compared with control specimens. Furthermore, the effect of the age of concrete at 
application will be investigated in three critical stages of concrete lifecycle identified as (1) 
Fresh concrete which is 24 hours after casting; (2) Hardened concrete which is 28 days 
after casting and (3) Aged structures. 
The project was undertaken in collaboration with an industrial partner who supplied the 
sealant used within the study. The sealant provided was a commercially available product. 
However, the industrial partner only provided generic details on the product as a 
penetrating sealant. As such the initial research focussed on determining the specific 
characteristics of the sealant to enable an appropriate research programme to be 
developed. 
1.4 Key research questions 
a) What are the effects of selected penetrating sealer treatment on the mechanical 
properties of concrete? (Compressive strength, Modulus of elasticity and Poisson’s 
ratio, Ultrasonic Pulse Velocity (UPV), Rebound number) 
b) What are the effects of selected penetrating sealer treatment on the durability 
characteristics? (Air permeability, Water permeability, Resistivity, Salt ponding 
Chapter 1: Introduction 
 
5  
(Chloride diffusion) test, Carbonation test) 
c) What are the effects on different types of concrete? (OPC, FA, GGBS, High 
strength, Low strength) 
d) What is the depth of penetration for the sealer product? 
e) What are the effects of selected penetrating sealer treatment on concrete 
microstructure? How can the effects be observed experimentally without affecting 
the reaction of the sealer? 
1.5 Research objectives 
1. Evaluate the effect of treatment on the mechanical properties of concrete. 
2. Evaluate the effect of treatment on the microstructure of concrete. 
3. Evaluate the depth of penetration of penetrating sealer into the concrete pore matrix 
and understand how the functionality differs from the use of surface coatings. 
4. Evaluate the resilience of treated concrete against chloride ingress and other 
contaminants with respect to control samples. 
5. Asses the ability of contaminants to permeate through concrete both before and 
after treatment. 
6. Undertake analytical modelling of contaminants (chloride and carbonation) 
permeation through concrete both before and after treatment. 
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Scope of this research is restricted to: 
1) Sealer product supplied by the industry collaborator 
2) Study of Mechanical properties 
3) Study of Durability properties 
4) Study of Microstructure changes using X-ray CT imaging 
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1.6 Thesis outline 
Chapter 1 is the introductory chapter which presents the background of the research, 
discusses the significance of the research and the research questions, discusses the 
objectives of the study, states the scope of the research with limitations of the study, and 
finally provides a brief outline of the overall thesis. 
Chapter 2 provides a comprehensive review of past literature including types of sealers 
and their functions, effects of the sealers on mechanical and durability aspects, chloride 
transport models and X-ray computed tomography. 
Chapter 3 presents the details of the materials and experimental methods used in the 
research program to investigate the effects of the selected penetrating sealer on 
mechanical properties, durability and microstructure of the concrete. 
Chapter 4 presents the results and discussion of the effects of the penetrating sealer on 
the mechanical properties of concrete. 
Chapter 5 presents the results and discussion of the effects of the penetrating sealer on 
the durability properties of concrete. 
Chapter 6 presents the results observed in chloride ponding, carbonation and penetration 
depth tests and the discussion of the results. 
Chapter 7 presents the details of the X-ray computed tomography analysis on the concrete 
specimens and the results obtained. 
Chapter 8 provide a concise summary of the findings of the research study on the effects 
of penetrating sealers on concrete durability. 
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2. LITERATURE REVIEW 
2.1 Introduction 
The research requires the understanding of the effects of penetrating surface treatments 
on concrete structures. This chapter presents a comprehensive review undertaken on 
sealer types, their functions in protecting concrete structures and the effectiveness of 
sealers as understood by the previous research. The mechanisms of protection are also 
briefly summarised. The laboratory techniques used to ascertain effectiveness are 
reviewed and possible new methods which can be used in the laboratory are also explored. 
Chloride transport models used to explain the movement of chloride ions are also briefly 
reviewed.  
2.2 Sealer treatment types and their function 
Various types of sealers and coatings have been used on concrete for corrosion prevention 
purposes. These sealer treatments can be classified using different criteria. Based on their 
chemical composition as Silane, Siloxane, Silicate, Silicone, Acrylic Hydrogel, Acrylic, 
Epoxy, Urethane and Cementitious, or based on their functions as Hydrophobic Pore 
Lining, Hydrophilic Water Absorption, Pore Blocking or Barrier Coating (Freitag & Bruce 
2010; Pan et al. 2017a; Song & Shayan 1999). 
The relationship between sealer composition, functions, and concrete parameters are 
summarized in Figure 2.1. 
 
Figure 2.1 Sealer terminology-film thickness-concrete pore size (Jacobson, Gran & Cornejo 1997) 
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2.2.1 Hydrophobic sealers 
Hydrophobic sealers are known as hydrophobic pore liners as they repel water. A main 
feature of a hydrophobic pore liner is that it permits the flow of vapour therefore allowing 
concrete to dry post treatment. These sealers can protect against the ingress of moisture 
from condensation, rain, run-off or ponding, but will not resist water applied under pressure 
(Freitag & Bruce 2010). 
Most hydrophobic pore liners are used for dealing with fine pores in concrete, such as gel 
or capillary pores. Major hydrophobic pore liners include: 
• Silanes 
• Siloxanes 
• Siliconates 
• Silicone resins 
 
Figure 2.2 Molecular structure of: (a) silane; (b) siloxane (Attanayake et al. 2006) 
 
Molecular structures of silane and siloxane are illustrated in Figure 2.2. Silane molecules 
are monomers which have only one silicon atom attached to one or the more organic alkyl 
(-CxHy or ‘-R’) groups and up to three organic alkoxy groups (-O-CxHy or ‘-OR’). The alkyl 
group in silane is stable and hydrophobic but alkoxy groups react with moisture, alkali, 
other silane molecules, and hydrated cement silicates to form a polymer that bonds to 
cementitious binder (Attanayake et al. 2006; Freitag & Bruce 2010). 
Siloxanes can have longer chains consisting of several repetitive units of silane monomers. 
They are manufactured by condensing silane molecules together under controlled 
conditions. They have the same types of alkyl and alkoxy groups as silanes and undergo 
the same bonding and polymerization reactions (Attanayake et al. 2006; Freitag & Bruce 
2010). Although, their larger molecular size and the fact that they react with other siloxane 
molecules reduces the penetration depth of these product. Siloxanes are more effective in 
filling larger voids as the molecules are larger. Siloxane particles with higher than five 
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silicon atoms are too large to penetrate and they perform as pore blockers rather than pore 
liners (Freitag & Bruce 2010). 
In both silanes and siloxanes, the nature of the alkyl group establishes the degree of water 
repellency while alkoxy group governs the penetrability (Attanayake et al. 2006). Many 
commercial products are an optimized combination of both silane and siloxane to achieve 
greater penetration depth, water repellency being offered by smaller silane molecules with 
better pore blocking ability offered by larger siloxane molecules (Freitag & Bruce 2010). 
2.2.2 Pore blockers/ fillers 
Alkali silicate solutions, cementitious based, and larger-molecule siloxanes can be 
classified as pore blockers. Both cementitious materials and alkali silicate solutions react 
with calcium hydroxide to form a dense silicate compound which fills large capillary pores 
(Freitag & Bruce 2010; Suleiman, Soliman & Nehdi 2014). This type of sealers reduces 
movement of air, water vapour and liquid water through pores. Thus, they are effective 
against chloride ion ingress and carbon dioxide.  
Solutions of sodium silicate, potassium silicate, or lithium silicate are known as alkali 
silicate products. These products react with calcium hydroxide in the concrete pore solution 
to form insoluble calcium silicate gels in concrete pores. These silicate gels are sometimes 
called as hydrogels and have the ability to physically absorb water and prevent moisture 
transport further into concrete (Freitag & Bruce 2010). 
Silicate based sealers are less effective in concrete mixes containing supplementary 
cementitious materials such as slag, fly ash, and amorphous silica as they reduce the 
amount of calcium hydroxide in pore solution. Once these products react, they become 
part of the concrete and highly durable. 
2.2.3 Hydrogels 
Hydrogels are cross-linked polymers that are capable of retaining a significant fraction of 
water compared to their own weight without dissolving. Its structure is constituted by one 
or more thermally structured and chemically or chemically crosslinked polymer networks 
(Ahmed 2015; Lee 2010; Santos et al. 2016). Most conventional hydrogel forming polymers 
can be described as anionic acrylics that comprises a copolymeric network based on 
partially neutralized acrylic acid or acrylamide (Lee 2010; Santos et al. 2016). These 
polymers are sometimes called Superabsorbent polymers (SAPs) as they have the ability 
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to absorb up to 500 times their own weight in aqueous solutions due to osmotic pressure, 
resulting in the swollen hydrogel (De Belie et al. 2015). A significant characteristic of these 
polymers is that its swelling is sensitive to properties of its surrounding environment such 
as pH, salinity, specific ion concentrations. In concrete pore solution which is highly 
alkaline, they can absorb water up to 10 times the weight of polymer (Lee 2010; Van 
Tittelboom & De Belie 2013). Hydrophilic functional group attached to the polymeric 
backbone in hydrogel materials makes it possible to absorb water while cross-links 
between network chains resist dissolution of hydrogel (Ahmed 2015). Once polymer 
absorb water and swell, the hydrogel forms a barrier to water flow which will retard ingress 
of harmful ions into concrete (Lee 2010). 
2.3 Effects of sealer treatments on mechanical properties of concrete 
The effect of sealer treatments on the mechanical properties of concrete is not widely 
discussed because of the widely accepted fact in the industry that the surface sealer 
treatments cannot improve the quality and porosity of the whole concrete element (Pan et 
al. 2017b). However, surface treatments have been found to be very effective in retarding 
the degradation of concrete subjected to a fire. Studies have shown that concrete treated 
with silicate-based sealer treatments had enhanced performance of compressive strength, 
residual compressive strength and elastic modulus of concrete elements exposed to fire 
and temperatures from 200 to 700 oC (Li et al. 2013; Pan et al. 2017b; Yuan & Li 2015). 
In addition, surface treatments such as polymer coatings have been found to have an effect 
on the drying shrinkage of cementitious materials. A higher reduction of drying shrinkage 
was observed by Shi et al. in cement mortar with a higher thickness of polymer coating and 
with application at lower maturity (Pan et al. 2017b). Effects of hydrophobic and pore-
blocking treatments have not been investigated (Pan et al. 2017b). 
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2.4 Factors influencing the performance of sealer treatments 
2.4.1 Air permeability 
Air permeability of surface treated concrete influences its performance in two aspects. With 
greater air permeability the carbonation rate will be higher, which will increase the 
susceptibility to corrosion of steel reinforcement bars. On the other hand, concrete needs 
a certain degree of breathability to allow sufficient water vapor transmission because 
accumulation of water beneath the surface can cause damage to concrete in freeze-thaw 
cycles (de Vries & Polder 1997; Pan et al. 2017a). Furthermore, breathability can affect the 
adhesion between coatings and the concrete matrix (Pan et al. 2017a). Therefore, careful 
consideration must be given towards the effect of the surface treatment agent on the air 
permeability and it can be used as an indicator of concrete durability because of the 
following reasons (Pan et al. 2016); 
1) A linear correlation between the log of air permeability and carbonation depth was 
observed suggesting that air permeability could be used to estimate the carbonation 
depth and to assess the service life of concrete (Aguiar & Júnior 2013; Pan et al. 
2016). 
2) A good linear relationship between the log of the air permeability index and the log 
of cumulative scaling weight during freeze–thaw test was observed by Basheer et 
al. (Basheer, Kropp & Cleland 2001; Pan et al. 2016). 
3) The air permeability index can also be used to interpret the pore structure of 
concrete since air transports through open and continuous capillary pores in 
concrete (Pan et al. 2016). 
4) Sugiyama et al. found a correlation between chloride diffusion coefficient and air 
permeability (Pan et al. 2016; Sugiyama, Bremner & Tsuji 1996). 
5) Air permeability is related to the interior relative humidity of concrete (Pan et al. 
2016; Zhao, Du & Jin 2010). 
6) Air permeability of surface-treated concrete can be used as a representation of its 
breathability, which will affect the durability of the surface treatment (de Vries & 
Polder 1997; Pan et al. 2016). 
Most polymer coatings such as epoxy and polyurethane are impermeable to air and this is 
one of the major drawbacks of polymer coatings.  The effect of silane and siloxane sealers 
on air permeability is negligible and cannot resist the ingress of carbon dioxide (Basheer 
et al. 1997; Pan et al. 2017a). There are several methods to measure the air permeability 
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of a surface treated concrete, including water absorption-desorption, dry-cup/wet-cup 
method and Autoclam air permeability (Basheer et al. 1997; Pan et al. 2017a). 
Air permeability tests became popular because of their simplicity, short test duration and 
lack of physical/chemical interaction during measurement (Pan et al. 2016). Basheer et 
al.(1994) developed the Autoclam permeability system which is a single-chamber surface 
permeability test method, to measure the sorptivity, air permeability and water permeability 
of concrete cover on site (Basheer 1994; Basheer 1991; Basheer, Montgomery & Long 
1995; Yang et al. 2013). Previous research has found that the Autoclam method has a 
higher test sensitivity and could be used to evaluate the air permeability of concrete, 
including high performance concrete and surface treated concrete for which the flow rates 
are very low (Basheer, Kropp & Cleland 2001; Pan et al. 2016). 
Both Zhao et al. and Pan et al. carried out air permeability tests on surfaces of control and 
treated concrete specimens to evaluate the effects of the surface treatments on the air 
permeability using the Autoclam permeability system and observed results ranging from 
0.0002 up to 0.32 Ln(pressure)/ min (Pan et al. 2016; Zhao, Du & Jin 2010). Zhao et al. 
investigated the effects of 6 different types of surface treatments two weeks after the 
application. The results showed that multi-coat treatments incorporating an acrylate or 
polyurethane top coating showed significantly lower permeability to air compared to silane 
and silicate treatments without a coating material (Zhao, Du & Jin 2010). Pan et al. 
assessed the effects of three different inorganic surface treatments on the air permeability 
of concrete with time at 14, 28 and 56 days (Pan et al. 2016). The treatments included in 
the research study were magnesium fluorosilicate solutions, waterglass solutions and 
sodium fluosilicate + waterglass solutions. The results showed that these three inorganic 
surface treatment methods can reduce the air permeability of concrete compared to 
untreated sample (Pan et al. 2016).  
Furthermore, Basheer et al. developed a set of classification criteria shown in Table 2.1 for 
normal quality concretes using the Autoclam air permeability index value as a guide 
(Basheer, Basheer & Nanukuttan 2009). 
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Table 2.1 Protective quality based on Autoclam air permeability index (Basheer, Basheer & Nanukuttan 
2009) 
Protective Quality 
Autoclam air permeability index 
(Ln(Pressure)/min) 
Very good ≤ 0.10 
Good > 0.10 ≤0.50 
Poor > 0.50 ≤ 0.90 
Very poor > 0.90 
 
2.4.2 Water permeability/ water absorptivity 
Since water is essential for initiating many forms of concrete deterioration, high resistance 
to permeation of water is an important criterion for sealer treatments as it can influence the 
durability and corrosion of the reinforcing steel (Muhammad et al. 2015; Pan et al. 2017b). 
Water is a critical agent because it is related to freeze-thaw deterioration, provides passage 
for chloride ions and establishes electrolytic continuity inside concrete (Muhammad et al. 
2015; Rodrigues et al. 2000). Previous research by Basheer et al.(2001) has established 
that there is a good correlation between the Autoclam water permeability index and the 
freeze-thaw deterioration of concrete (Basheer, Kropp & Cleland 2001; Basheer, Basheer 
& Nanukuttan 2009). Furthermore, permeability of concrete is directly influenced by the 
quantity, kind and distribution of pores in the concrete substrate (Muhammad et al. 2015).  
Absorption and permeation are the two processes of fluid movement in concrete (Basheer, 
Kropp & Cleland 2001). Transport of water due to surface tension acting in capillaries is 
called water absorption. Absorption is influenced by the pore structure and the moisture 
condition of concrete (Basheer, Kropp & Cleland 2001; Zhang & Zong 2014). The two basic 
parameters of water absorption into dry concrete are the mass of water required to saturate 
concrete (the effective porosity) and the rate of penetration of the capillary rise (the 
sorptivity). The combined effect of the capillary effect can only be measured since filling of 
capillary channels and voids and rise of water occur simultaneously (Basheer, Kropp & 
Cleland 2001; Zhang & Zong 2014). Concrete sorptivity tests can be broadly divided into 
two categories as surface absorptivity tests and drilled hole absorptivity tests. The 
standpipe absorptivity test, initial surface absorption test and Autoclam sorptivity tests are 
typical surface absorptivity tests while drilled hole absorptivity tests include the Figg water 
permeability test and the Covercrete absorption test (Basheer, Kropp & Cleland 2001). 
Transport of water due to a pressure differential is called water permeation. Water 
permeability is the measure that characterises the ease with which water will pass through 
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the porousness of concrete under a pressure gradient (Basheer, Kropp & Cleland 2001). 
The most commonly used method to measure permeability is a permeability cell. 
Permeability cells are employed to apply fluid under pressure to one side of the specimen 
and measure the flow either at the inlet or outlet and the permeability value is calculated 
for the steady state conditions of the flow. However, permeability indexes are derived when 
exact information of the flow paths are not known (Basheer, Kropp & Cleland 2001; 
Reiterman 2015).  
The Autoclam permeability system can be used to measure both water absorptivity and 
water permeability of concrete since both tests are water flow tests. The main difference 
between the tests is the pressure under which water is applied to the concrete surface. 
The procedure used for both water flow tests with the Autoclam is similar. In the case of 
the sorptivity test, water penetrating into concrete at a pressure of 0.02 bar is measured 
whereas the pressure for the water permeability test is 0.5 bar. In the sorptivity test, water 
is considered to be absorbed by the concrete, whereas in the permeability test the water 
flow is caused by the pressure head. Both the tests last for 15 minutes and the cumulative 
water penetration into concrete is plotted against square root of time, which is more or less 
linear. The slope of this graph is reported as the sorptivity index or water permeability index, 
as the case may be, with units of m3/√minute (Basheer, Basheer & Nanukuttan 2009).  
Nevertheless, Zhao et al. reported that water absorption indexes for surface treated 
concrete cannot be obtained using the standard parameters since only a minor volume of 
water is absorbed during the test which is attributed to the short duration of the test (15 
min). Therefore, improvements have been made to increase the water absorption by 
increasing the test area diameter from 50 mm to 100 mm and increasing the time duration 
from 15 min to 1 hour in evaluating surface treated concrete by Basheer et al. (Basheer & 
Cleland 2011).   
Basheer et al. observed 70-99% reductions in the sorptivity results compared to untreated 
specimens from a study incorporating several types of pore liner type treatments using the 
modified method to allow higher absorption of water (Basheer & Cleland 2011). 
Jia et al. used the Autoclam water permeability index to evaluate the effects of three 
different inorganic surface treatments on concrete with time at 14, 28 and 56 days (Jia et 
al. 2016). The treatments included in the research study were magnesium fluorosilicate 
solutions, waterglass solutions and sodium fluosilicate + waterglass solutions. The results 
showed that three inorganic surface treatment methods can reduce water absorption by 
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about 10% (Jia et al. 2016). In addition, a good exponential relationship between Autoclam 
water permeability and water absorption of concrete was observed (Jia et al. 2016). 
Almusallam et al. (Almusallam et al. 2003) used more of a direct method for measuring 
water absorptivity. Surface treatments were applied to all the faces of 50 mm diameter and 
75 mm long mortar specimens. Specimens were placed in a water tank such that only the 
bottom face is in contact with water and the increment of weight due to absorption of water 
was recorded up to 56 hours and plotted against time to get the water absorptivity. Results 
from the study showed 5% by weight water absorption in untreated concrete while only 
observing water absorptions ranging between 0.21-3.4% by weight in treated specimens 
(Almusallam et al. 2003; Pan et al. 2017b). 
Medeiros and Helene (Medeiros & Helene 2009) evaluated the capillary water absorption 
of concrete applied with different surface treatments. 100 mm diameter and 200 mm long 
cylindrical specimens were used for the test. Lateral sides were covered with silicon up to 
3 cm to ensure water absorption solely from the circular face and specimens were kept in 
contact with water 5 mm above the surface and the increment of weight was monitored up 
to 16 days. Sorptivity was calculated from the slope of water absorbed per unit area against 
square root of time graph. 
Furthermore, Basheer et al. developed a set of classification criteria shown in  
 
Table 2.2  for normal quality concretes using Autoclam air permeability index value as a 
guide (Basheer, Basheer & Nanukuttan 2009). 
 
Table 2.2 Protective quality based on Autoclam water sorptivity index (Basheer, Basheer & Nanukuttan 
2009) 
Protective Quality 
Autoclam water sorptivity index 
(m3 /√min) x 10-7 
Very good ≤ 1.30 
Good > 1.30 ≤ 2.60 
Poor > 2.60 ≤ 3.40 
Very poor > 3.40 
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2.4.3 Carbonation depth 
Natural concrete carbonation is a process that involves the dissolution of atmospheric 
carbon dioxide in the concrete pore water to form a weak carbonic acid which disassociates 
and reacts with the calcium hydroxide resulting calcium carbonate and water. However, in 
addition to this reaction carbon dioxide also reacts with calcium-silicate-hydrate gel (C-S-
H) which is a major constituent of the hydrated cement to form additional calcium carbonate 
and an amorphous silica gel with a porous structure. This reaction lowers the alkalinity of 
the concrete and destroys the passivity of the embedded reinforcement steel if the pH of 
the pore solution is reduced below 10 (Aguiar & Júnior 2013; Basheer, Kropp & Cleland 
2001; Pan et al. 2017b). 
The carbonation process alters the pore structure, the permeability of concrete and the 
chemical reactivity of the hydrated cement paste. The binding capacity for aggressive ions 
is also affected by carbonation. With the advance of carbonation, chemically combined and 
physically adsorbed chloride ions are set free, increasing the number of free chloride ions 
in concrete. Most severe corrosion problems encountered in practice are likely caused by 
this interaction between carbonation and chloride contamination of concrete (Basheer, 
Kropp & Cleland 2001). 
The factors controlling the carbonation process are the diffusivity of CO2 and the reactivity 
of CO2 with the concrete. The diffusivity of CO2 depends on the pore system of hardened 
concrete and the exposure condition (Aguiar & Júnior 2013; Pan et al. 2017b). The diffusion 
of CO2 always takes place through concrete sections which are already carbonated 
(Basheer, Kropp & Cleland 2001). 
In order to investigate the effectiveness of treatments towards carbonation resistance, 
researchers have used accelerated carbonation environments created in a carbonation 
chamber to compare carbonation depths of treated and untreated samples following the 
exposure period. The carbonation depths were determined by treating a freshly broken 
surface of the specimen with a phenolphthalein indicator (phenolphthalein dissolved in 1% 
ethyl alcohol). Carbonation depths corresponds to the thickness with no change in colour, 
while the remaining area with a pink colour indicating uncarbonated concrete where the 
pH is greater than 9 (Franzoni, Pigino & Pistolesi 2013; Ibrahim et al. 1999; Pan et al. 
2017b; Pigino et al. 2012; Sadati, Arezoumandi & Shekarchi 2015; Schueremans, Van 
Gemert & Giessler 2007) (Ibrahim 1996; Ibrahim et al. 1997). 
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The conditions of the accelerated environment varied from author to author even though 
the test setup design was similar. Table 2.3 summarizes exposure conditions adopted by 
different authors. 
 
Table 2.3 Exposure conditions used for carbonation tests 
Reference CO2 
concentration (%) 
Temperature 
(oC) 
Relative 
humidity (%) 
Exposure period 
(days) 
(Franzoni, Pigino & 
Pistolesi 2013) 
20 ± 2 25 ± 5 70 ± 5 5, 12, 25, 60 
(Aguiar & Júnior 2013) 5 20 65 7, 14, 28 
(Pigino et al. 2012) 20 ± 2 25 ± 5 70 ± 5 25, 60 
(Song & Kwon 2007) 5 25 ± 0.5 65 ± 5 28, 56, 84, 112 
 
Table 2.4 summarises the observed results for the effects of different treatments on 
carbonation by previous researchers. 
 
Table 2.4 Effects of surface treatments on carbonation depth (Pan et al. 2017b) 
Reference Surface treatment Effect on carbonation 
depth 
Comments 
(Franzoni, Pigino & Pistolesi 
2013; Ibrahim et al. 1999) 
Sodium silicate Reduce by 60-90% Limited long-term effect 
(Ibrahim et al. 1999) Silane/siloxane Reduce by about 20% - 
(Ibrahim et al. 1999) Silicone resin Reduce by about 20% - 
(Ibrahim et al. 1999) 
Silane/siloxane + acrylic 
top coat 
Reduce by almost 
100% 
The acrylic top coat plays 
main role 
(Ibrahim et al. 1999; Pigino et 
al. 2012) 
Two component acrylic 
Reduce by almost 
100% 
- 
(Franzoni, Pigino & Pistolesi 
2013) 
Ethyl silicate Reduce by 40–80% Good long-term effect 
(Franzoni, Pigino & Pistolesi 
2013) 
Nano-silica Reduce by 14–47% - 
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2.4.4 Chloride ingress 
The fundamental destructive effect of chloride ions is their capacity to destroy the passive 
steel layer and the corrosion inhibiting properties caused by the alkalinity of cement paste 
pore solution. But, unlike the carbonation process, there is no overall drop in pH. When the 
free chloride concentration at the rebar surface is increased beyond the threshold value 
required to destroy the passive layer, chlorides acts as a catalyst to corrosion. The 
chemical reactions of the chloride induced corrosion process are shown in Eq. 1 & 2 
(Basheer, Kropp & Cleland 2001; Medeiros & Helene 2009; Pan et al. 2017b). 
Fe++++Fe+++6Cl-→FeCl3+ FeCl2   (1) 
For hydrolysis 
FeCl3+ FeCl2→ 6Cl
-+ Fe(OH)2+ Fe(OH)3  (2) 
The corrosion risk increases with the increase of free chloride concentration since chloride 
ions are not consumed in the corrosion  process. Hence, corrosion due to chloride ingress 
progresses at a much higher rate than that due to carbonation. Thus, chloride induced 
corrosion rates of 5 mm/year have been encountered in extreme conditions compared to 
0.05 mm/year carbonation induced corrosion rate (Basheer, Kropp & Cleland 2001). 
Corrosion can be either pitting corrosion or general corrosion. In pitting corrosion, a very 
small anode area is surrounded by a large cathode area and in general corrosion, micro 
anodes and cathodes are homogeneously distributed along the rebar. Total loss of iron is 
higher in general corrosion, but pitting corrosion is more dangerous due to higher loss of 
cross sectional area of rebar (Basheer, Kropp & Cleland 2001). 
There are a number of chloride transport mechanisms in concrete which include diffusion 
under the influence of a concentration gradient, absorption due to capillary action and 
migration due to an electric field (Basheer, Kropp & Cleland 2001; Medeiros & Helene 
2009; Pan et al. 2017b). Capillary absorption dominates the chloride ingress in unsaturated 
concrete and diffusion becomes dominant chloride transport mode when the capillary 
pores are saturated. The simultaneous action of diffusion and capillary absorption causes 
a mixed transport mode, which is present in concrete structures subjected to most 
exposure conditions encountered in practice (Medeiros & Helene 2009). 
Natural chloride diffusion is an extremely slow process in surface treated concrete. There 
are two approaches to evaluate the chloride diffusion, steady state and unsteady state. 
The steady state method (diffusion cell method) involves a thin concrete specimen installed 
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to separate half cells containing a chloride and a chloride-free solution, and monitoring the 
variation of chloride concentration in the initially chloride-free solution with time to 
determine an effective diffusion coefficient. The unsteady state method (chloride profile 
method) involves immersion of concrete specimens in a chloride solution for a period of 
months or years and analysing the chloride profiles at incremental depths to derive an 
apparent diffusion coefficient (Pan et al. 2017b). A chloride profile is more widely used to 
measure the chloride diffusion coefficient of surface treated concrete compared to diffusion 
cell method (Pan et al. 2017b).  
 
Table 2.5 summarises the results observed by researchers on the effects of surface 
treatments against chloride ingress. 
 
Table 2.5 Effects of surface treatments on chloride ingress (Pan et al. 2017b) 
Reference Surface treatment Test methods Results 
(Ibrahim et al. 1999) 
Sodium silicate 
The chloride diffusion coefficients 
were calculated after exposing to 
5% NaCl solution at 40 oC 
(chloride diffusion of untreated 
concrete was 21.83 x 10-12 m2/s) 
20.6 x 10-12 m2/s 
Silicone resin 16.86 x 10-12 m2/s 
Silane/siloxane 14.83 x 10-12 m2/s 
Silane/siloxane + acrylic 
topcoat 
7.83 x 10-12 m2/s 
Acrylic coating 8.18 x 10-12 m2/s 
(Almusallam et al. 
2003) 
Polymer emulsion 
coating 
ASTM C1202 (chloride diffusion of 
untreated concrete was 19.18 x 
10-12 m2/s) 
8.4 x 10-12 – 16 x 10-12 m2/s 
Acrylic coating 2.1 x 10-12 – 3.5 x 10-12 m2/s 
Chlorinated rubber 
coating 
8.4 x 10-12 – 9.6 x 10-12 m2/s 
Epoxy coating 2.6 x 10-12 – 7.7 x 10-12 m2/s 
Polyurethane coating 0.7 x 10-12 – 1.8 x 10-12 m2/s 
(Franzoni, Pigino & 
Pistolesi 2013) 
Ethyl silicate 
Swiss standard SIA 262/1 
Chloride migration depth 
reduced by 52–62% 
Nanosilica 
Chloride migration depth 
reduced by 20–28% 
Sodium silicate 
Chloride migration depth 
reduced by 30–50% 
(Levi et al. 2002) 
Siloxane 
NCHRP Report n. 244 
90% reduction of Chloride ions 
at 12 mm depth 
Silane 
100% reduction of Chloride 
ions at 12 mm depth 
Fluorinated coating 
24% reduction of Chloride ions 
at 12 mm depth 
(Nilsson & Ollivier 
1995) 
Acrylic sealer Stationary chloride diffusion cell 
testing  
(chloride diffusion of untreated 
concrete was 3 x 10-16 m2/s) 
3.3 x 10-16 m2/s 
Polyurethane sealer 0.58 x 10-16 m2/s 
Alkylakoxysilane 0.58 x 10-16 m2/s 
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2.4.5 Depth of penetration of the treatment 
Impregnation type surface treatments should penetrate into the concrete substrate as 
deeply as possible to ensure long-term durability of the sealer treatment (Chen et al. 2016; 
Pan et al. 2017a; Schueremans, Van Gemert & Giessler 2007; Teng et al. 2014b). 
Penetration depth of a sealer treatment depends on the following factors (Pan et al. 2017a); 
1) Properties of the treatment agent (molecular size and viscosity). 
2) Type of solvent. 
3) Properties of concrete substrate (porosity and degree of saturation). 
4) Reaction time. 
5) Reaction rate. 
Researchers have used different methods to investigate penetration depth as a result of a 
direct measurement or a standard method to determine the penetration depth not being 
available (Pan et al. 2017a). Pan et al. summarized the possible methods of determining 
the penetration depth of a sealer as follows (Pan et al. 2017a); 
1) Specimens treated with the impregnating sealer are split into two parts and water is 
sprayed over the fracture surface and the thickness of the hydrophobic layer is taken 
as the penetration depth. 
2) Applying the methodology proposed by Dhir et al. to calculate the penetration depth 
using Eq. 3 assuming a uniform application of the treatment. 
3) Inductive coupled plasma optical emission spectroscopy (ICP-OES) through 
detecting chemical element profile. 
4) Using a pigment mixed with the treatment agent. The penetration depth is measured 
as the thickness of the pigmented concrete layer. 
 
Mean Penetration Depth(cm)=
Dry weigh(g)
Wet weigh(g)
×Volume applied(cm3)
Area(cm2)
  ( 3 ) 
 
Pan et al. further highlighted the shortcomings of these methods as the first method can 
only be used for hydrophobic treatments, the second method’s assumption of equal 
distribution of the sealer is not realistic and the third method is time consuming (Pan et al. 
2017a). Typical penetration depths of few sealer treatment types are summarized in Table 
2.6. 
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Table 2.6 The penetration depth of impragnation treatment agent/ thickness of coating 
Treatment type Measuring methods 
Penetration depth/ 
Thickness 
Epoxy resin Micrometer 200 ~ 400 µm 
Methacrylate Micrometer 100 ~ 150 µm 
Acrylic Micrometer 100 ~ 300 µm 
Silane Hydrophobic layer/ NMR sensor About 12 mm 
Ethyl silicate ICP-OES ≥ 19 mm 
Sodium silicate Hydrophobic layer Almost 0 mm 
 
Researchers including Mamaghani et al. and Basheer et al.(1998, 2011) adopted first 
method to measure the depth of penetration since their research dealt with hydrophobic 
sealers. A single face of the specimens was treated with the sealer and specimens were 
split and immersed in water or sprayed with water to determine the depth of penetration as 
effective penetrated area would show a lighter colour (Basheer, Cleland & Long 1998; 
Basheer & Cleland 2011; Mamaghani et al. 2009; McCarter 1996; Schueremans, Van 
Gemert & Giessler 2007). 
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2.5 Modelling of chloride ingress 
The aim of a chloride ingress model is to predict the chloride profile 𝐶(𝑥, 𝑡) or chloride 
content at the depth of reinforcement after a certain exposure time (Frederiksen, Mejlbro 
& Nilsson 2008; Nilsson 2009; Suryavanshi, Swamy & McHugh 1998).  
Fick’s laws of diffusion 
Fick’s first law: The flow in concrete of chloride ions through a unit area of a section of 
the concrete per unit of time (i.e. the flux 𝐽) is proportional to the density gradient of the 
chloride ions measured normally to the section or expressed in one dimension by Eq. 4; 
𝐽 = −𝐷
𝜕𝐶
𝜕𝑥
      (4) 
Where; 𝐽 is the flux, 𝐶 is the density of chloride ions, 𝑥 is the distance and 𝐷 is the diffusion 
coefficient. 
Fick’s second law: The change in chloride content per unit time is equal to the change 
per unit length of the product of the diffusion coefficient 𝐷 and the density gradient of the 
chloride ions or expressed in one dimension by Eq. 5; 
𝜕𝐶
𝜕𝑡
=
𝜕
𝜕𝑥
{𝐷(𝑥, 𝑡)
𝜕
𝜕𝑥
𝐶(𝑥, 𝑡)}   (5) 
Where; 𝐶 is the density of chloride ions, 𝐷 is the diffusion coefficient, 𝑥 is the distance and 
𝑡 is the time. 
Simple Fickean flow: A flow where the diffusion coefficient 𝐷(𝑥, 𝑡) only depends on 𝑥 
and 𝑡, possibly in the form of the density 𝐶(𝑥, 𝑡) of the chloride ions. All investigations in 
the literature are dealing with simple Fickean flows (Frederiksen, Mejlbro & Nilsson 2008). 
For any simple Fickean flow, the differential equation is given by Fick’s second law, or more 
precisely by Eq. 5 in one dimension. In order to obtain a unique mathematical solution, the 
initial conditions and the boundary conditions have to be specified. Therefore, the typical 
initial/ boundary problem for Fick’s second law is written as (Frederiksen, Mejlbro & Nilsson 
2008); 
{
 
 
𝜕𝐶
𝜕𝑡
=
𝜕
𝜕𝑥
{𝐷(𝑥, 𝑡)
𝜕
𝜕𝑥
𝐶(𝑥, 𝑡)} , 𝑥 > 0, 𝑡 > 𝑡𝑒𝑥 𝑑𝑖𝑓𝑓𝑒𝑟𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛
𝐶(0, 𝑡) = 𝜑(𝑡), 𝑥 = 0, 𝑡 ≥ 𝑡𝑒𝑥, 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
𝐶(𝑥, 𝑡𝑒𝑥) = 𝑋(𝑥), 𝑥 ≥ 0, 𝑡 = 𝑡𝑒𝑥, 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
 (6) 
Where; 𝐶 denotes the concentration, 𝑥 is the distance from surface, 𝑡 denotes the real time, 
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𝑡𝑒𝑥 denotes the time at first exposure, 𝐷(𝑥, 𝑡) is the diffusion coefficient , 𝜑(𝑡) and 𝑋(𝑥) are 
prescribed functions. 𝐷(𝑥, 𝑡) here could be replaced by 𝐷(𝑥, 𝑡, 𝐶(𝑥, 𝑡)), where the diffusion 
coefficient also depends on the concentration of the chloride (Frederiksen, Mejlbro & 
Nilsson 2008). 
Collepardi et al. were the earliest to select Fick’s laws to model ingress of chloride ions. In 
1970, Collepardi et al. presented the Collepardi’s model which is also called the error 
function model to predict chloride ingress in concrete (Frederiksen, Mejlbro & Nilsson 2008; 
Nilsson 2009; Suryavanshi, Swamy & McHugh 1998). They chose 𝐷(𝑥, 𝑡) = 𝐷0 > 0 and 
𝜑(𝑡) = 𝐶𝑠 and 𝑋(𝑥) = 𝐶𝑖 all constants which reduces Eq. 6 to Collepardi’s model as: 
{
 
 
𝜕𝐶
𝜕𝑡
= 𝐷0
𝜕2𝐶
𝜕𝑥2
, 𝑥 > 0, 𝑡 > 𝑡𝑒𝑥, 𝑑𝑖𝑓𝑓𝑒𝑟𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛
𝐶(0, 𝑡) = 𝐶𝑠, 𝑥 = 0, 𝑡 ≥ 𝑡𝑒𝑥, 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
𝐶(𝑥, 𝑡𝑒𝑥) = 𝐶𝑖 , 𝑥 ≥ 0, 𝑡 = 𝑡𝑒𝑥, 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
  (7) 
Where; unique solution is given by the complementary error function below; 
𝐶(𝑥, 𝑡) = 𝐶𝑖 + (𝐶𝑠 − 𝐶𝑖) 𝑒𝑟𝑓𝑐 (
𝑥
2√𝐷0(𝑡−𝑡𝑒𝑥)
),  𝑥 ≥ 0, 𝑡 ≥ 𝑡𝑒𝑥 (8) 
where 𝐶 denotes the concentration, 𝑥 is the distance from surface, 𝑡 denotes the real time, 
𝑡𝑒𝑥 denotes the time at first exposure, 𝐶𝑖 is the initial chloride concentration, 𝐶𝑠 is the 
chloride concentration at the surface and 𝐷0 is the constant diffusion coefficient. 
Collepardi’s model was a breakthrough in understanding the dynamics of chloride ingress 
into concrete. However, it has been subsequently adapted because of the shortcomings in 
the model. A major drawback of the Collepardi model was assuming that 𝐷(𝑥, 𝑡), 𝜑(𝑡) and 
𝑋(𝑥) all to be constants (Frederiksen, Mejlbro & Nilsson 2008; Maage et al. 1996; 
Takewaka & Mastumoto 1988). Takewaka and Matsumoto introduced the time-
dependency of the chloride diffusion coefficient by assuming that 𝐷(𝑥, 𝑡) = 𝐷(𝑡) > 0 is a 
function of 𝑡 alone. Hence, Eq. 6 can be reduced to Takewaka and Matsumoto model as: 
{
 
 
𝜕𝐶
𝜕𝑡
= 𝐷(𝑡)
𝜕2𝐶
𝜕𝑥2
, 𝑥 > 0, 𝑡 > 𝑡𝑒𝑥, 𝑑𝑖𝑓𝑓𝑒𝑟𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛
𝐶(0, 𝑡) = 𝐶𝑠, 𝑥 = 0, 𝑡 ≥ 𝑡𝑒𝑥, 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
𝐶(𝑥, 𝑡𝑒𝑥) = 𝐶𝑖 , 𝑥 ≥ 0, 𝑡 = 𝑡𝑒𝑥, 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
  (9) 
where the solution is given by; 
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𝐶(𝑥, 𝑡) = 𝐶𝑖 + (𝐶𝑠 − 𝐶𝑖) 𝑒𝑟𝑓𝑐 (
𝑥
2√∫ 𝐷(𝜏)𝑑𝜏
𝑡
𝑡𝑒𝑥
),  𝑥 ≥ 0, 𝑡 ≥ 𝑡𝑒𝑥 (10) 
Where; 𝐶 denotes the concentration, 𝑥 is the distance from surface , 𝑡 denotes the real 
time, 𝑡𝑒𝑥 denotes the time at first exposure, 𝐶𝑖 is the initial chloride concentration, 𝐶𝑠 is the 
chloride concentration at the surface and 𝐷(𝜏) is the time dependant diffusion coefficient. 
One particularly important case of this model was later used in the HETEK model created 
by Frederiksen et al. where the average diffusion coefficient 𝐷𝑎𝑣(𝑡) is given by(Frederiksen, 
Mejlbro & Nilsson 2008); 
𝐷𝑎𝑣(𝑡) =
1
𝑡−𝑡𝑒𝑥
∫ 𝐷(𝜏)𝑑𝜏
𝑡
𝑡𝑒𝑥
= 𝐷𝑎𝑒𝑥 {
𝑡𝑒𝑥
𝑡
}
𝛼
 ,  𝑡 ≥ 𝑡𝑒𝑥, 0 ≤ 𝛼 < 1  (11) 
Where; 𝛼 is the aging exponent and 𝐷𝑎𝑒𝑥 is the diffusion coefficient at the time of first 
exposure 𝑡𝑒𝑥. 
This approach is purely empirical and requires extensive and high quality data to be useful. 
The parameters have little physical meaning. It also requires assuming that the time-
dependant apparent diffusion coefficient to be constant during a certain exposure period 
which would be unlikely in practice (Nilsson 2009). Tang and Nilsson designed a migration 
test method to determine the migration coefficient within 24 hours which made it possible 
to measure an instantaneous diffusion coefficient D(t) allowing them to monitor the 
development of diffusion coefficient with time and found it decreases with time, but only for 
the first six months (Nilsson 2009; Tang & Nilsson 1992). They used the expression in Eq. 
12 which is very similar to Eq. 11 to estimate instantaneous diffusion coefficient where 𝑛 is 
the aging exponent and D𝑎0 is instantaneous diffusion coefficient at the age of first 
exposure 𝑡0 which can be measured directly. 
D(t)= D𝑎0 (
𝑡0
t
)
n
                                                       (12) 
Modern chloride prediction models are probabilistic methods to encompass the distribution 
of variables in deteriorating mechanisms of RC structures. Kong et al. explored a reliability 
analysis which illustrated the inconsistencies around concrete mix design, however the 
research only explored saturated concrete (Kong et al. 2002). Further to this research, Val 
and Trapper presented a two-dimensional modelling of probabilistic evaluation of corrosion 
initiation time (Hunting 2016; Val & Trapper 2008). The FIB model code 2010 is the most 
up-to-date model within current literature (Hunting 2016). 
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The model code presented by FIB aimed for higher accuracy and a performance-based 
model to serve the requirements of a life cycle analysis that was built from the conditions 
of structural behaviour rather than prescribes solutions which had dominated the modelling 
sphere in the past. As such, the model derives consideration for the design, construction, 
operation and serviceability of the asset for its entire life span. The structure of the model 
based on reliability based method to allow for the variability of input parameters (Hunting 
2016). 
Within the FIB model, there is acknowledgement of the probability to failure which is 
denoted as the target reliability level which relates back to the acceptable failure probability 
pertaining back to the typical serviceability of the asset under expected operational 
conditions. The relationship has been noted to be shown as the target reliability index (β) 
(BSI 2002; Hunting 2016); 
𝛽 = −Φ−1(𝑃𝑓) 
Where; Φ relates to cumulative distribution function of the standardised normal distribution 
and the 𝑃𝑓 relates to the probability of a collapse or failure occurring.   
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2.6 Significance of X-ray computed tomography in studying concrete 
pore structure 
The X-ray computed tomography (CT) technique has achieved a rapid growth in last 15 
years and it is fast becoming an accepted tool for acquisition of 3D imaging data for material 
science research studies. In the past, it was predominantly used as a tool for acquiring 3D 
images and qualitative data. Recently, there is an increase in using X-ray CT technique 
towards extracting quantitative data of microstructure using image processing. With recent 
advancements in the technology these techniques are even capable of achieving spatial 
resolutions below 100 nm. X-ray tomography is a technique that use a series of projections 
of an object’s X-ray absorption at different angles and mathematically recombines them 
into a three-dimensional model of the object. One of the major advantages of X-ray CT 
imaging is the ability to examine the same sample non-destructively multiple times for 
complex and highly variable materials such as concrete (Lu, Landis & Keane 2006; Maire 
& Withers 2013; Stock et al. 2002). A study carried out on concrete pore network by Lu et 
al. showed that pore space inside a concrete specimen can be distinctly identified using X-
ray tomography due to a clear intensity difference between air and higher density 
proportions such as binder and aggregates (Lu, Landis & Keane 2006).  
3D images are required to undertake appropriate image processing, segmentation and 
analysis in order to extract quantitative parameters from the scans. Image processing is 
generally applied to improve the image. It involves adjustment of brightness and contrast 
and denoising. The segmentation step involves allocation of continuous grey scale values 
into certain discrete groups based on the grey value. The last and crucial step involves 
analysis of the image data into meaningful measures such as a number, fraction, size, 
distribution and surface topography. Various commercial or non-commercial 3D processing 
software can be employed for this purpose or custom codes written using programming 
languages such as python (Maire & Withers 2013).   
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2.7 Summary 
The literature review identified the different types of sealers used in concrete structures 
and the parameters which can be used to measure the effectiveness of the sealers. 
2.7.1 Gap in knowledge 
➢ Little research has been undertaken on understanding the effect of penetrating type 
sealers on different types of concrete. 
➢ Long term experimental work is required to validate performance claims and ensure 
wider acceptance in the industry. 
➢ Little utilization of modern high-resolution imaging techniques such as X-ray 
computed tomography in chloride ingress studies. 
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3. MATERIALS AND RESEARCH METHODOLOGY 
3.1 Overview 
This chapter presents the full details of the experimental program adopted in this research. 
The materials used, equipment, methodologies and the detailed procedures are presented. 
The literature review identified that little research work has been undertaken on 
understanding the effects of hydrogel-based sealer products incorporating long term 
experimental work to assess the performance. Further, the utilization of modern high-
resolution imaging techniques such as X-ray computed tomography has not been used in 
studies related to chloride ingress and penetrating sealers. The initial literature review 
identified that X-ray computed tomography can be a highly useful tool to assess the 
microstructural changes in the concrete pore network in a non-destructive manner. 
Selected penetrating type hydrogel-based sealer product in this research study can be 
categorized under hydrophilic water absorption type. 
This chapter presents the process adopted in the thesis to address the gap identified in the 
knowledge. 
3.2 Planning of the Research Program 
The comprehensive research program developed to achieve the research objectives stated 
in chapter 1 is shown in Figure 3.1. 
Research program consisted of two main phases: 
Phase 1: Examine the influence of sealer on mechanical, durability and microstructural 
properties of concrete 
Phase 2: Examine the capability of sealer to influence Chloride ion ingress and 
diffusion in a saline environment 
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Figure 3.1 Research Program 
  
Chapter 3: Materials and Research Methodology 
 
31  
The steps adopted in the research program are briefly described for better understanding 
of the research program. In depth descriptions with rationale behind them are given in each 
section dedicated to them. 
3.2.1 Literature review 
A broad literature review was conducted on the research studies related to surface 
coatings, penetrating treatments and chloride transport models available. The literature 
review identified the major types of sealer categorization according to their functional 
groups, inherent properties and how each type of sealers can be used for different 
objectives. The literature review also identified experimental methods adopted by previous 
authors in the related study area and novel techniques appropriate for application to 
investigate the hydrogel. The experimental program adopted in this research has been 
developed based on the literature review.  
3.2.2 Analysis of the sealer product 
With the knowledge gained from the literature review, the next step of the research was to 
identify the characteristics of the sealer supplied by the industry collaborator to design the 
experimental program required to assess the performance of the sealer product. Fourier 
transform infrared spectroscopy (FT-IR) and X-ray Powder Diffraction (XRD) tested were 
performed on the sealer product to identify the chemical composition and active ingredient 
in the sealer product. 
3.2.3 Experimental program to understand the effect of sealer 
From the analysis of sealer product, it was identified as a hydrogel-based sealer product. 
Therefore, the following experimental tests and conditions were proposed to assess the 
performance of the sealer.  
Three standard concrete mixes of OPC, 30% Fly Ash and GGBS were selected as initial 
test mixes. One set of specimens was kept as a control and another set of specimens was 
treated 24 hours after casting. Specimens were air cured and tested using a series of tests 
at 28 days, 90 days, 365 days age. 
At the second stage of testing another two concrete mixes, a 20% Fly Ash mix and a 60 
MPa High Strength mix were proposed upon analysis of the test results from the initial 
mixes. These comprised three sets of specimens. Two sets of the specimens were treated 
at two different times. The first at 24 hours after casting and the second 28 days after 
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casting, the third was untreated control specimens. All three sets of specimens were air 
cured and tested at 28 days, 90 days, 365 days age. 
For the third stage, a Low Strength (25 MPa) OPC mix was selected. Four sets of 
specimens were prepared for air cured control, treated and water cured control, treated to 
identify if the sealer performance is affected by the moisture condition. Tests were 
conducted at 28days, 90days, 365 days age. 
3.2.3.1 Mechanical properties  
Compressive strength, Modulus of elasticity, Poisson’s ratio tests were conducted at the 
detailed timeframes to identify if mechanical properties are affected by the sealer 
treatment. 
3.2.3.2 Durability characteristics  
Air permeability, water permeability, resistivity, rebound hammer, UPV and carbonation 
depth tests were employed to assess the effect of sealer on the durability of concrete. Air 
permeability and water permeability tests are given higher a higher importance as they are 
the most important factors affecting the transport of contaminants. 
3.2.3.3 Chloride resilience & Penetration depth  
90 days chloride ponding tests were conducted to determine the chloride diffusion 
coefficient of control and treated specimens. In addition, specimens were cast with 1% and 
5% cast-in NaCl content to assess the chloride inhibition capability of sealer treatment 
product. Concrete powder specimens were ground at 5mm incremental depths up to 25mm 
and up to 100mm for diffusion coefficient tests and chloride inhibition tests respectively. 
FT-IR tests were performed on extracted powder samples from incremental depths in 
search for traces of the active ingredient to identify the apparent depth of penetration of 
the sealer treatment. 
3.2.3.4 X-ray Tomography  
Concrete specimens of approximate dimensions of 10mmx10mmx10mm were cut from the 
specimens. These specimens were scanned using the phonix v|tome|x s X-ray computed 
tomography equipment and the X-ray projections were reconstructed into a 3D volume 
representation of the specimen. These reconstructed volumes were analysed for the porosity 
and pore size distribution using the VGStudio MAX 3.0 software. 
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3.3 Preparation of concrete specimens 
3.3.1 Materials used – Premix concrete 
All the concrete mixes used in the experimental program of the research project were 
premix concrete mixes with standard mix designs that are commercially available from 
Hanson Australia Pty Ltd.  
3.3.2 Concrete mix designs and proportions 
For the initial testing phase of the experiments three types of concrete mix designs ranging 
in different characteristics were selected. These were; 
a) 25% Ground Granulated Blast Slag (GGBS) concrete mix 
b) 30% Fly Ash concrete mix 
c) Ordinary Portland Cement concrete mix. 
After 28 and 90 days test results, it was identified that the 30% fly ash concrete mix didn’t 
perform as expected and did not achieve the targeted characteristic strength of mix design 
while the GGBS mix and OPC mix did achieve the expected strength. The reasons are 
discussed in section 4.2, compressive strength results. 
Therefore, a new mix with lower Fly Ash content was adopted for the second phase of tests 
along with a High Strength concrete mix. The second phase of the experiments consisted 
of the following mix designs; 
a) 20% Fly Ash concrete mix 
b) High Strength concrete mix of 60 MPa. 
Towards the end of the project, during a discussion with the industry collaborators, a 
question was raised on how the sealer treatment would affect low strength concrete mixes. 
Hence, a 25 MPa Low Strength OPC mix was adopted as the final mix for the experiments. 
Details of the mix designs are given in Table 3.1; 
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Table 3.1 Concrete Mix proportions 
  Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 
Name GGBS 
30% Fly 
Ash 
OPC 
20% Fly 
Ash 
High 
Strength 
Low 
Strength 
Pour Date 04-11-15 10-11-15 17-11-15 19-09-16 26-10-16 08-08-17 
Time of pour 14:20 15:35 11:15 12:30 13:30 13:30 
Temperature at Pour 26.5 27.5 24.5 15.8 20.2  15.2 
              
Grade f'c 40 MPa 40 MPa 40 MPa 40 MPa 60 MPa 25 MPa 
Slump (mm) 80 80 80 80 80 80 
Cement Content (kg) 272 280 378 320 448 273 
Cement Type GP GP GP GP GP GP 
Fly Ash %(kg) 0 30 % (120) 0 20% (80) 112 0 
GGBS (kg) 40% (91) 0 0 0 0 0 
Total Cementitious 
Content (kg) 
363 400 378 400 560 273 
Nominal water (kg) 180 180 170 170 200 181 
W/C Content 0.48 0.45 0.45 0.45 0.35 0.66 
20 mm Aggregate (kg) 530 530 510 450 445 400 
14mm Aggregate (kg) 550 550 550 550 640 489 
Manufactured Sand (kg) 770 770 791 752 513 933 
 
3.3.3 Casting and curing of concrete specimens 
Figure 3.2 & Figure 3.3 illustrates the process adopted in casting and curing of the 
concrete. 
The premix concrete mix was poured into prepared moulds as per the requirements of the 
casting and testing schedule, Table 3.2, Table 3.3 & Table 3.4. The inside surfaces of 
moulds were painted with nox-crete debonding agent prior to concrete pouring for easy 
demolding of specimens. All specimens were vibrated using a vibration table for 1 minute 
to remove air bubbles. Moulds were kept at room temperature for 1 day after vibration and 
were demolded on the following day. 
Two curing methods were adopted in the experiments. All specimens from first 5 mixes 
were air cured at room temperature until the testing was carried out. For the final low 
strength OPC mix half of the specimens were air cured and the other half was kept in 
wet/dry cabinet where samples were sprayed with water for 1 hour twice a day once during 
the day and once at night. 
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Figure 3.2 Casting of specimens 
  
     
  
(a) (b) 
Figure 3.3 Curing of Specimens: (a) Air curing; (b) Wet/Dry curing   
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Table 3.2 Casting schedule and test schedule for Mix 1,2,3 (Preliminary tests) 
No Test Method 
Type of 
specimen 
Dimensions 
(mm) 
Number 
of 
samples 
Testing Schedule 
28 days 90 days 365 days 
1 Compressive test Cylinder 100Ø x 200    
   
  
 
       
   
2 Modulus of elasticity Cylinder 100Ø x 200 18 3xcontrol 3xcontrol 3xcontrol 
         3 x 1-T 3 x 1-T 3 x 1-T 
3 Poisson ratio Cylinder 100Ø x 200       
               
4 Air permeability(15min) Slab 300 x 300 x 100 6 1xcontrol 1xcontrol 1xcontrol 
  Water permeability(15min)       1 x 1-T 1 x 1-T 1 x 1-T 
  UPV       1xcontrol 1xcontrol 1xcontrol 
  Resistivity Slab 300 x 300 x 100 6 1 x 1-T 1 x 1-T 1 x 1-T 
  Schmidt Hammer             
5 Salt ponding test Cube 100 x 100 x 100 8 2xcontrol   2xcontrol 
          2 x 1-T   2 x 1-T 
                
  Carbonation Cube 100 x 100 x 100 8 2xcontrol   2xcontrol 
          2 x 1-T   2 x 1-T 
Note: 1-T refers to specimens treated after 1 day of casting. 
 
Table 3.3 Casting schedule and test schedule for Mix 4,5 
No Test Method 
Type of 
specimen 
Dimensions 
(mm) 
Number 
of 
samples 
Testing Schedule 
1 day 28 days 90 days 365 days 
1 Compressive test Cylinder 100Ø x 200          
           3xcontrol 3xcontrol 3xcontrol 
2 Modulus of elasticity Cylinder 100Ø x 200 27   3 x 1-T 3 x 1-T 3 x 1-T 
           3 x 28-T 3 x 28-T 3 x 28-T 
3 Poisson ratio Cylinder 100Ø x 200         
                
4 
Air 
permeability(15min) Slab 300 x 300 x 100 9   1xcontrol 1xcontrol 1xcontrol 
  
Water 
permeability(15min)         1 x 1-T 1 x 1-T 1 x 1-T 
           1 x 28-T 1 x 28-T 1 x 28-T 
  UPV         1xcontrol 1xcontrol 1xcontrol 
  Resistivity Slab 300 x 300 x 100 9   1 x 1-T 1 x 1-T 1 x 1-T 
  Schmidt Hammer         1 x 28-T 1 x 28-T 1 x 28-T 
5 Salt ponding test Cube 100 x 100 x 100 12   2xcontrol  2xcontrol 
            2 x 1-T  2 x 1-T 
            2 x 28-T  2 x 28-T 
  Carbonation Cube 100 x 100 x 100 12   2xcontrol  2xcontrol 
            2 x 1-T  2 x 1-T 
            2 x 28-T  2 x 28-T 
6a Tomography Cylinder 100Ø x 200 8 1xcontrol 1xcontrol 1xcontrol   
          1 x 1-T 1 x 1-T 1 x 1-T   
            1 x 28-T 1 x 28-T   
Note: 1-T and 28-T refers to specimens treated after 1 day and 28 days of casting respectively. 
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Table 3.4 Casting schedule and test schedule for Mix 6 
No Test Method 
Type of 
specimen 
Dimensions 
(mm) 
Number 
of 
samples 
Testing Schedule 
1 day 28 days 90 days 365 days 
1 Compressive test Cylinder 100Ø x 200    
 Air 
cured 
 Air 
cured 
 Air 
cured 
           3xcontrol 3xcontrol 3xcontrol 
2 Modulus of elasticity Cylinder 100Ø x 200 36   3 x 1-T 3 x 1-T 3 x 1-T 
           
Water 
cured 
Water 
cured 
Water 
cured 
3 Poisson ratio Cylinder 100Ø x 200    3xcontrol 3xcontrol 3xcontrol 
          3 x 1-T 3 x 1-T 3 x 1-T 
4 
Air 
permeability(15min) Slab 300 x 300 x 100 12   
 Air 
cured 
 Air 
cured 
 Air 
cured 
  
Water 
permeability(15min)         3xcontrol 3xcontrol 3xcontrol 
           3 x 1-T 3 x 1-T 3 x 1-T 
  
  
  
     
Water 
cured 
Water 
cured 
Water 
cured 
     3xcontrol 3xcontrol 3xcontrol 
     3 x 1-T 3 x 1-T 3 x 1-T 
UPV 
        
 Air 
cured 
 Air 
cured 
 Air 
cured 
Resistivity Slab 300 x 300 x 100 12   3xcontrol 3xcontrol 3xcontrol 
Schmidt Hammer         3 x 1-T 3 x 1-T 3 x 1-T 
 
    
Water 
cured 
Water 
cured 
Water 
cured 
     3xcontrol 3xcontrol 3xcontrol 
     3 x 1-T 3 x 1-T 3 x 1-T 
5 Salt ponding test Cube 100 x 100 x 100    
 Air 
cured 
 Air 
cured 
 Air 
cured 
        16   3xcontrol 3xcontrol 3xcontrol 
            3 x 1-T 3 x 1-T 3 x 1-T 
      
Water 
cured 
Water 
cured 
Water 
cured 
      3xcontrol 3xcontrol 3xcontrol 
      3 x 1-T 3 x 1-T 3 x 1-T 
  Carbonation Cube 100 x 100 x 100    
 Air 
cured 
 Air 
cured 
 Air 
cured 
         8   3xcontrol 3xcontrol 3xcontrol 
            3 x 1-T 3 x 1-T 3 x 1-T 
      
Water 
cured 
Water 
cured 
Water 
cured 
      3xcontrol 3xcontrol 3xcontrol 
      3 x 1-T 3 x 1-T 3 x 1-T 
6a Tomography Cylinder 100Ø x 200    
 Same specimen scanned at consecutive ages 
  
        4 
         
Note: 1-T refers to specimens treated after 1 day of casting. 
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3.3.4 Application of Sealer treatment 
The sealer treatment product used in the project is a spray applied non-toxic liquid product. 
A hand-held spray bottle was used to apply sealer on to the surface of specimens adhering 
to guidelines provided by the supplier. The surface was thoroughly brushed to remove 
debris and cleaned with compressed air to remove dirt and dust particles prior to the 
application of the sealer. Surface preparation was undertaken to ensure a clean and 
absorbent surface for sealer to penetrate into concrete. Sealer was applied at a rate of 
4.5m²/litre or at a rate to satisfy the absorbency of the concrete. 
The recommended application time of the sealer product from the distributor/ industry 
collaborator was within the first 48 hours after casting of the specimens. For the preliminary 
tests treatment was only applied within this time period. For the second series of tests an 
additional application time at 28 days after casting was selected as well to investigate if the 
treatment time had any effect on the performance of the sealer. The rationale behind 
selecting 28 days is that initial hydration of concrete takes place during the first 28 days, 
with 28 day strength being specified as standard in concrete design. 
 
Figure 3.4 Spray application of the sealer treatment 
  
Chapter 3: Materials and Research Methodology 
 
39  
3.4 Analysis of the sealer product 
To further understand the behaviour of sealer and how it reacts in concrete pore solution, 
a FTIR Spectroscopy analysis was conducted to identify the chemical composition of the 
sealer. FTIR is an effective analytical instrument to identify chemical bonds present in a 
material by producing an infrared absorption spectrum. The spectra produce a profile of 
the sample, a distinctive molecular fingerprint that can be used for detecting functional 
groups of the material. 
Figure 3.5 illustrates the FTIR Spectrum of hydrogel. 
 
 
Figure 3.5 FTIR Spectrum of hydrogel 
 
 
Figure 3.6 Comparison of FTIR spectrum with spectrum library 
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Table 3.5 FTIR spectrum search score against library spectra 
 
 
 
 
Figure 3.6 shows the comparison of FTIR spectrum for the hydrogel sealer product with 
the spectrums in the database. Resulting search scores are illustrated in Table 3.5. It was 
found that the sealer product had a high similarity with a standard polyacrylamide FTIR 
spectrum. Therefore, polyacrylamide was identified as the active ingredient in the sealer. 
This finding was confirmed by the industry collaborator. However, full details of the 
chemical composition of the sealer product was not shared with the research team by the 
industry collaborator as it was a proprietary material. 
 
  
Search Score Search Reference Spectrum Description 
0.471518 POLYACRYLAMIDE 
0.448411 POLYACRYLAMIDE,CARBOXYL MODIFIED LOW CARBOXYL CONTENT 
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3.5 Testing Methods 
3.5.1 Compressive Strength 
The compressive strength test was performed on cylindrical specimens of 100 mm 
diameter and 200mm height in accordance with AS 1012.9 (Methods of Testing 
Concrete. Determination of the Compresive Strength of Concrete Specimens. 
Standards Australia.  1999) and a loading rate of 0.34 (N/mm2)/s using a Tecnotest 
concrete testing machine with a 300 kN loading capacity or MTS machine with a 1000 
kN loading capacity, as shown in Figure 3.7. Three concrete cylinders were tested for 
each data point at 28, 90 and 365 days for each concrete mix. Average compressive 
strength of three specimens was reported. 
      
Figure 3.7 Compressive strength test of concrete specimens 
 
3.5.2 Modulus of Elasticity and Poisson’s ratio 
The modulus of elasticity and Poisson’s ratio tests were performed on the Tecnotest 
concrete testing machine coupled with the compressometer/extensometer with a 
loading rate of 0.25 MPa/sec according to AS 1012.17 (Methods of Testing Concrete 
Determination of the Static Chord Modulus of Elasticity and Poisson's Ratio of 
Concrete Specimens. Standards Australia.  R2014), as shown in Figure 3.8. Both tests 
were undertaken by subjecting cylindrical specimens of 100mm diameter and 200 mm 
height to uni-axial compression by loading up to 40% of the average compressive 
strength of three specimens. Three cylinders of each concrete mix were tested for 
each data point at 28, 90 and 365 days after casting, and average elasticity modulus 
and Poisson’s ratio is reported. 
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Figure 3.8 Modulus of Elasticity and Poisson's ratio test of concrete specimens 
 
3.5.3 Air and Water permeability 
Air and water permeability tests were performed using the Autoclam Permeability 
System (Basheer & Gonçalves 2007),as shown in Figure 3.9. Both permeability tests 
were conducted at 28, 90 and 365 days after casting for concrete mix. 100x300x300 
mm3 concrete slabs were used for testing.  
In the air permeability test, the pressure inside the apparatus is increased to slightly 
above 0.5bar and the decay in pressure is monitored every minute for 15 minutes or 
until the pressure has diminished to zero. A plot of natural logarithm of pressure 
against time is linear. The slope of the linear regression curve between the 5th and 
15th minute for tests lasting for 15 minutes is used as an air permeability index, with 
units of Ln(Pressure)/min. When the pressure becomes zero before the test duration 
of 15 minutes, the data from the beginning of the test is used to determine the slope. 
The water permeability test is conducted on the same specimen. Water is admitted 
into the test area through a priming pump and the pressure inside is increased to 
0.5bar at the end of the priming. The quantity of water flowing into the concrete at a 
constant pressure of 0.5bar is recorded every minute for a duration of 15 minutes. The 
quantity of water flowing into concrete plotted against the square root of time is linear. 
The slope of the square root time plot between 5 and 15 minutes is used to report a 
water permeability index with units m3/√min. 
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Figure 3.9 Air and Water Permeability test of concrete specimens 
 
3.5.4 Ultrasonic Pulse Velocity (UPV) 
The UPV test is considered as a non-destructive testing (NDT) method and is used to 
determine the quality of a material based on the speed of a stress wave passing 
through the medium which is related to the elasticity-density. The UPV was measured 
in accordance with ASTM C597 (Standard Test Method for Pulse Velocity through 
Concrete. Astm International.  2009) standard using a portable ultrasonic non-
destructive digital indicating tester with a 54 kHz transducer, as shown in Figure 3.10. 
Three cuboid concrete specimens of 300x300x100 mm3 were tested for each 
specimen at 28, 90 and 365 days after casting, and measured the transit time and the 
pulse velocity. The test results were reported for each concrete mix.  
  
Figure 3.10 UPV test of concrete specimens 
 
3.5.5 Resistivity 
The resistivity of concrete was measured using Wenner probe by the four-point 
method at 50 mm spacing, as shown in Figure 3.11. This test is designed to measure 
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the electrical resistivity of the concrete specimen in a non-destructive manner and is 
common practice within the industry. The electrical resistivity of concrete is an 
important parameter in assessing the likelihood of corrosion having initiated. Cuboid 
specimens of 300x300x100 mm3 were tested for each concrete mix at 28, 90 and 365 
days after casting, and average values for each data point was recorded. 
    
Figure 3.11 Electrical resistivity test of concrete specimens 
 
3.5.6 Surface Hardness 
The surface hardness test, which is also known as Schmidt rebound hammer test was 
carried out using Schmidt Type N hammer in accordance with ASTM C805/C805M 
(Standard Test Method for Rebound Number of Hardened Concrete. Astm 
International.  2013c) standard, as shown in Figure 3.12. Striking points were uniformly 
distributed to reduce the influence of coarse aggregates and distribution and averages 
of the rebound value was calculated. Three cuboid specimens of 300x300x100 mm3 
were tested for each specimen at 28, 90 and 365 days after casting, and average 
values for each data point was recorded. 
Chapter 3: Materials and Research Methodology 
 
45  
 
Figure 3.12 Schmidt hammer test of concrete specimens 
 
3.5.7 Chloride Diffusion  
The salt ponding test is a long-term exposure (90 days) test and can be used to 
measure the actual penetration of chloride ions into the concrete. Ponding tests were 
carried out as shown in Figure 3.13, according to the guidelines stated in AASHTO 
T259 (Standard Method of Test for Resistance of Concrete to Chloride Ion Penetration. 
Aashto, USA.  1997b). Five faces of the 100x100x100 mm3 concrete cubes were 
coated with an epoxy resin except for the top cast face and the specimens were 
ponded in a 3% sodium chloride solution for a period of 90 days. At the end of this 
period powder samples were obtained from the samples at 5 mm incremental depths: 
0-5 mm, 5-10 mm, 10-15 mm, 15-20 mm and 20-25 mm. Powder samples were 
analysed for the total chloride ion content at a NAMAS accredited laboratory. 
The apparent diffusion coefficient (Da) and surface concentration (Cs) were calculated 
by plotting the chloride profiles and determining the best flitted curve using Fick’s 2nd 
law of diffusion. 
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Figure 3.13 Salt ponded specimens 
 
3.5.8 Carbonation depth 
Carbonation test is used to estimate the depth of carbonation in concrete by 
introducing the specimens to an accelerated carbonation environment of 2% CO2 
concentration, 200C temperature and 70% relative humidity for 7 days. 
Phenolphthalein was sprayed on to a freshly broken surface to measure the 
carbonation depth, as shown in Figure 3.14. Phenolphthalein indicator gradually 
changes colour from colourless to pink in areas with a pH greater than 9 while 
carbonated area remains colourless. 
    
Figure 3.14 Carbonation test of concrete specimens 
 
3.5.9 Scanning Electron Microscopy (SEM) imaging 
The backscatter electron imaging was performed using Quanta Scanning Electron 
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Microscopy (SEM) apparatus with 15kV of energy. The specimens were cut in to 
approximately 10 x 10 x 10 mm pieces using a diamond tipped saw and then mounted 
on resin cast to be surface polished. After surface polishing as shown in Figure 3.15, 
specimens were carbon coated and mounted on the SEM sample stage with 
conductive, double sided carbon tape to be scanned. 
 
Figure 3.15 Surface polished SEM specimens 
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3.5.10 Fourier Transform Infrared (FT-IR) Analysis 
FT-IR absorption spectra were recorded in the range of 4000−450 cm-1 with a 
resolution of 4 cm-1 and a scan speed of 0.2 cm/s using a Perkin–Elmer-Spectrum 100 
FT-IR spectrometer, equipped with a universal attenuated total reflectance (ATR) top 
plate and a diamond crystal. Spectra data were normalised using the Spectrum for 
Windows (Perkin–Elmer) software. Concrete specimens were manually ground using 
a ring mill grinder and powder passed through 75 micron sieve was used for the tests. 
3.5.11 X-ray Computed tomography imaging 
Concrete specimens of approximate dimensions of 10mmx10mmx10mm were cut 
from the specimens. These specimens were scanned using the phonix v|tome|x s X-
ray computed tomography equipment and the X-ray projections were reconstructed 
into a 3D volume representation of the specimen, as shown in Figure 3.16. These 
reconstructed volumes were analysed for the porosity and pore size distribution using 
the VGStudio MAX 3.0 software.  
    
Figure 3.16 X-ray CT imaging 
 
3.5.12 Chloride extraction tests 
Concrete specimens with cast-in chlorides of 1% and 5% NaCl were used for this test. 
Concrete powder samples were taken at 5mm depth increments before and after 
introducing hydrogel treatment to measure total and free chloride percentage at each 
depth to examine the effect of hydrogel on chloride ion concentration in the concrete. 
Chloride testing was undertaken at a NAMAS accredited laboratory.
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4. EFFECT OF TREATMENT ON MECHANICAL PROPERTIES 
OF CONCRETE 
4.1 Overview 
This chapter presents the results and discussion related to the effect of the sealer treatment 
on the mechanical properties. Compressive strength, modulus of elasticity, Poisson’s ratio, 
rebound number and UPV of control and treated specimens of different types of concrete 
were examined. Experimental results were analysed to understand the effects of sealer on 
the mechanical properties of concrete following treatment. 
It was hypothesised that the treatment would improve the mechanical properties of 
concrete due to reduction in surface porosity or have no effect on the mechanical 
properties. However, it was also postulated that the early application of treatment may 
affect the curing as a result of hydrogel absorbing the water required for curing of concrete. 
Therefore, a series of tests were adopted to investigate the impact of the treatment on the 
mechanical properties of concrete.  
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4.2 Compressive strength 
The most common of all tests on hardened concrete is the compressive strength test, partly 
because it is an easy test to perform and most desirable characteristics of concrete are 
qualitatively related to its strength. But, primarily because of the intrinsic importance of the 
compressive strength of concrete in structural design (Neville 1995). 
4.2.1 Preliminary mixes 
Table 4.1 shows the compressive strength results of treated and control concrete 
specimens at 28 days, 90 days and 365 days for each type of concrete tested, namely the 
GGBS mix, 30% fly ash mix and the OPC mix. The results are plotted in Figure 4.1. 
Table 4.1 Compressive strength test results of MIx1, 2 & 3 
Mix No. Concrete mix  
Compressive Strength (MPa) 
28 days 90 days 1 year 
1 
GGBS Mix Control 37.1 29.4 46.7 
Treated(1D) 36.7 37.7 44.2 
2 
30% Fly Ash Mix Control 21.7 27.6 29.2 
Treated(1D) 22.1 23.2 29.0 
3 
OPC Mix Control 35.2 38.9 42.6 
Treated(1D) 37.9 39.5 44.2 
 
 
Figure 4.1 Compressive strength test results of MIx1, 2 & 3 
 
The targeted 28-day characteristic strength for all three mixes was 40 MPa. Both GGBS 
and OPC mixes achieved strengths very closer to the target strength at 28 days. Compared 
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to the OPC mix the GGBS mix showed lower compressive strengths initially, but exceeded 
the OPC by 365 days. This is as expected since it is well established that GGBS gains 
strength more slowly because GGBS is a latent cementitious material that requires 
activation(Shariq, Prasad & Masood 2010; Swamy & Ammar). It was noted that the 
compressive strength of the control GGBS specimens falls by a substantial amount at 90 
days. There is no obvious explanation for this occurrence. 
The 30% FA mix did not achieve the expected strength (40 MPa). It was later determined 
that unreacted fly ash particles were present within the concrete from SEM analysis 
illustrated in Figure 4.2. These unreacted FA grains were attributed as the reason for the 
low strength obtained. It was ascertained that the GP cement used in the premix contained 
fly ash, making the actual fly ash percentage higher than 30%. It has been reported that a 
high volume of fly ash inhibits the activation of all the fly ash. Similar results have been 
observed in concrete mix designs with fly ash replacements between 40-50% where 
compressive strengths have fallen well below compared to mix designs without fly ash 
replacements (Siddique 2004).  
   
Figure 4.2 Unreacted fly ash particles in 30% Fly Ash mix 
  
This observation led to repeating the mix with a lower proportion of fly ash (20%) in a 
second series of experiments. 
Compressive strength results obtained from both control and treated specimens of GGBS 
mix and OPC mix shows gradual improvement with time. Results from both mixes did not 
indicate any significant difference between the compressive strengths of control and 
treated specimens. Therefore, it can be concluded that there is no significant benefits or 
adverse effects from the use of sealer treatment towards the strength of the concrete. 
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4.2.2 Secondary mixes 
Table 4.2 shows the compressive strength results of 1 day treated, 28th day treated and 
control concrete specimens at 28 days, 90 days and 365 days for each type of concrete 
tested, namely the 20% fly ash mix, 60 MPa high strength mix and the 25 MPa low strength 
OPC mix.  The results are plotted in Figure 4.3. 
 
Table 4.2 Compressive strength test results of Mix 4, 5 & 6 
Mix No. Concrete mix   
Compressive Strength (MPa) 
28 days 90 days 1 year 
4 
20% Fly Ash Mix Control 27.1 33.9 34.7 
Treated(1D) 32.0 42.6 39.1 
Treated(28D) 27.3 34.5 36.2 
 5 
High Strength Mix Control 51.0 54.5 52.8 
Treated(1D) 50.1 50.0 50.7 
Treated(28D) 52.7 52.0 54.4 
6 
Low Strength Mix Control (Air Cured) 32.6 32.7 * 
Treated (Air Cured) 28.8 31.0 * 
Control (Water Cured) 34.1 42.8 * 
Treated (Water Cured) 32.9 40.9 * 
Note: * Test maturity not achieved yet 
 
 
Figure 4.3 Compressive strength test results of Mix 4, 5 & 6 
 
The targeted 28-day characteristic strength for the 20% fly ash mix and the high strength 
mix was 40 MPa and 60 MPa respectively. Both mixes fell short in achieving the targeted 
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strength at 28 days. Compressive strength of both mixes gradually improved with time 
slightly, but neither mix surpassed the target strength. While a similar performance was 
observed from the control and 28 day treated specimens the 1 day treated specimens did 
show a small improvement in strength. 
However, the results from both mixes did not indicate any significant difference between 
the compressive strengths of control and treated specimens. Therefore, it can be 
concluded that there is no significant benefits or adverse effects from the use of sealer 
treatment towards the strength of concrete for the secondary mixes.  
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4.3 Modulus of Elasticity & Poisson’s ratio 
Modulus of elasticity (E-value) is the ratio between stress and strain. The stress-strain 
relationship for concrete is non-linear and the material is not strictly elastic. Thus, the 
concept is not strictly applicable so for structural design and for assessment three types of 
E-value are used, namely secant modulus, tangent modulus and initial tangent modulus. 
In this research the obtained modulus of elasticity is the secant modulus of elasticity which 
can be defined as the ratio of stress and strain at 40% of the compressive strength (Neville 
1995). 
It has been observed that the modulus of elasticity increases with an increase in the 
compressive strength of concrete, but there is no agreement on the precise form of the 
relationship. This is not surprising, given the fact that the modulus of elasticity of concrete 
is affected by the modulus of elasticity of the aggregate and by the volumetric proportion 
of aggregate in the concrete (Neville 1995). 
When a uniaxial load is applied to a concrete specimen it produces a longitudinal strain in 
the direction of the applied load and, at the same time, a lateral strain of opposite sign. The 
ratio of the lateral strain to the longitudinal strain is called Poisson’s ratio (Neville 1995). 
Poisson’s ratio generally varies between about 0.15 for high strength concrete and 0.22 for 
low strength concrete (Neville 1995). 
4.3.1 Preliminary mixes 
Table 4.3 shows the modulus of elasticity and Poisson’s ratio results of treated and control 
concrete specimens at 28 days, 90 days and 365 days for each type of concrete, namely 
the GGBS mix, 30% fly ash mix and the OPC mix. The results are plotted in Figure 4.4 & 
Figure 4.5. 
 
Table 4.3 Modulus of Elasticity and Poisson's ratio test results of Mix 1, 2 & 3 
Mix 
No. 
Concrete mix  
Modulus of Elasticity (GPa) Poisson's ratio 
28 days 90 days 1 year 28 days 90 days 1 year 
1 
GGBS Mix Control 26.0 30.0 31.2 0.27 0.27 0.19 
Treated(1D) 29.6 30.2 32.3 0.27 0.28 0.24 
2 
30% Fly Ash 
Mix 
Control 21.4 22.8 21.8 0.26 0.22 0.20 
Treated(1D) 20.8 20.6 19.5 0.26 0.24 0.23 
3 
OPC Mix Control 28.7 26.7 29.8 0.30 0.25 0.24 
Treated(1D) 28.9 27.7 29.9 0.29 0.28 0.26 
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Figure 4.4 Modulus of Elasticity test results of Mix 1, 2 & 3 
 
 
Figure 4.5 Poisson's ratio test results of Mix 1, 2 & 3 
 
It can be seen that the values of the modulus of elasticity increases for both GGBS and 
OPC mixes increase over time, while the Poisson’s ratio decreases. This is as expected 
as it is well established that the modulus of elasticity increases with an increase in the 
compressive strength of concrete while the Poisson’s ratio reduces with an increase in 
compressive strength (Newman & Choo 2003; Siddique 2004). Hence the modulus of 
elasticity and Poison’s ratio data correlates well with the results from the compressive 
strength results. The 30% FA data demonstrates no increase in modulus of elasticity, 
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though a reduction in Poisson’s ratio is observed. This is attributed to the low compressive 
strengths obtained, due to the high volume of fly ash in the mix and is not regarded as a 
function of the sealer application. 
Overall the modulus of elasticity increases with time and the Poisson’s ratio decrease 
indicating that there is no significant benefits or adverse effects from the use of sealer 
treatment. 
4.3.2 Secondary mixes 
Table 4.4 shows the modulus of elasticity and Poisson’s ratio results of 1 day treated, 28th 
day treated and control concrete specimens at 28 days, 90 days and 365 days for each 
type of concrete tested, namely the 20% fly ash mix, 60 MPa high strength mix and the 25 
MPa low strength OPC mix.  The 28 day data was unavailable for the 20% FA mix. The 
results are plotted in Figure 4.6 & Figure 4.7. 
 
Table 4.4 Modulus of Elasticity and Poisson's ratio test results Mix 4, 5 & 6 
Mix 
No. 
Concrete 
mix 
  
Modulus of Elasticity (GPa) Poisson's ratio 
28 days 90 days 1 year 28 days 90 days 1 year 
4 
20% Fly Ash 
Mix 
Control + 26.1 24.8 + 0.23 0.22 
Treated(1D) + 26.9 27.7 + 0.21 0.20 
Treated(28D) + 26 25.4 + 0.23 0.20 
 5 
High 
Strength 
Mix 
Control 30.2 30.3 29.4 0.33 0.26 0.24 
Treated(1D) 34.2 33.4 29.3 0.31 0.24 0.21 
Treated(28D) 32.6 32.9 28.1 0.28 0.26 0.21 
6 
Low 
Strength 
Mix 
Control (Air Cured) 25.7 26.4 * 0.25 0.19 * 
Treated (Air Cured) 24.1 24.2 * 0.23 0.23 * 
Control (Water Cured) 25.9 31.4 * 0.21 0.23 * 
Treated (Water Cured) 29.4 30.4 * 0.22 0.25 * 
Notes: * Test maturity not achieved yet, + Missing data due to equipment breakdown 
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Figure 4.6 Modulus of Elasticity test results of Mix 4, 5 & 6 
  
 
Figure 4.7 Poisson's ratio test results of Mix 4, 5 & 6 
 
It can be seen that the results of the modulus of elasticity do not show any clear trend for 
both GGBS and OPC mixes over time. This correlates with the compressive strength test 
results where no increase in strength was observed over time. As the modulus of elasticity 
is proportional to the compressive strength of concrete no increase in the modulus of 
elasticity would be expected (Newman & Choo 2003; Siddique 2004). However, the 
Poisson’s ratio values do decrease for both the GGBS and OPC mixes over time. 
Again, there is good correlation between the results from the compressive strength results. 
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Both the modulus of elasticity and Poisson’s ratio results showed no significant difference 
between treated and control specimens demonstrating that there is no significant benefits 
or adverse effects from the use of sealer treatment. In addition, the age of the specimens 
at the time of treatment had no significant effect on the test results. 
4.4 Rebound number 
This is one of the oldest non-destructive tests and it is still widely used. The rebound 
hammer test is based on the principle that the rebound of an elastic mass depends on the 
hardness of the surface against which the mass impinges. However, despite its apparent 
simplicity, the rebound hammer test involves the complex interaction of impact and the 
associated stress-wave propagation. The test is sensitive to local variations in the concrete; 
for instance, the presence of a large piece of aggregate immediately underneath the 
plunger would result in an abnormally high rebound number; conversely, the presence of 
a void in a similar position would lead to a low result (Neville 1995). 
Rebound number of the concrete is related to both its strength and its stiffness, so that it 
is the combination of strength and stiffness that governs the rebound number. Because the 
stiffness of concrete is influenced by the type of aggregate used the rebound number is 
not uniquely related to the strength of concrete (Neville 1995).Moreover, rebound number 
corelates to the quality of surface zone of concrete and the depth of this zone is about 30 
mm. 
4.4.1 Preliminary mixes 
Table 4.5 shows the rebound hammer test results of treated and control concrete 
specimens at 28 days, 90 days and 365 days for each type of concrete tested, namely the 
GGBS mix, 30% fly ash mix and the OPC mix. The results are plotted in Figure 4.8. 
 
Table 4.5 Schmidt hammer test results of Mix 1, 2 & 3 
Mix 
No. 
Concrete mix  
Rebound number 
28 days 90 days 1 year 
1 
GGBS Mix Control 18.7 28.5 45.0 
Treated(1D) 19.9 29.8 44.1 
2 
30% Fly Ash 
Mix 
Control 21.9 23.7 38.0 
Treated(1D) 24.3 24.3 40.7 
3 
OPC Mix Control 25.6 25.2 40.4 
Treated(1D) 22.9 25.9 41.6 
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Figure 4.8 Schmidt hammer test results of Mix 1, 2 & 3 
 
It can be identified that the rebound number gradually improved for all three mixes over 
time as would be expected. This is because rebound number is proportional to the strength 
and stiffness of the surface zone of concrete, which increases with time as the concrete 
hydrates (Neville 1995). 
Correlating with the compressive strength, modulus of elasticity and Poisson’s ratio results, 
the rebound hammer results show no variation between control and treated specimens. 
This indicates that the surface hardness of concrete is not affected by the sealer treatment. 
4.4.2 Secondary mixes 
Table 4.6 shows the rebound hammer test results of 1 day treated, 28th day treated and 
control concrete specimens at 28 days, 90 days and 365 days for each type of concrete 
tested, namely the 20% fly ash mix, 60 MPa high strength mix and the 25 MPa low strength 
OPC mix. The results are plotted Figure 4.9. 
  
Chapter 4: Effect of Treatment on Mechanical Properties of Concrete 
 
60  
Table 4.6 Schmidt hammer test results of Mix 4, 5 & 6 
Mix No. Concrete mix  
Rebound number 
28 days 90 days 1 year 
4 
20% Fly Ash Mix Control 46.5 40.8 43.4 
Treated(1D) 43.0 37.2  44.2 
Treated(28D) 41.4 37.9  40.8 
 5 
High Strength Mix Control 42.2 42.8  63.5 
Treated(1D) 38.9 40.0  59.1 
Treated(28D) 40.2 44.4  59.8 
6 
Low Strength Mix Control (Air Cured) 38.5 46.5 * 
Treated (Air Cured) 40.1 47.8 * 
Control (Water Cured) 43.9 49.2 * 
Treated (Water Cured) 43.7 46.7 * 
Note: * Test maturity not achieved yet 
 
 
Figure 4.9 Schmidt hammer test results of Mix 4, 5 & 6 
  
As with the primary mixes the results demonstrate minimal variation between the control 
and treated specimens and demonstrate similar trends with an increase in rebound 
hammer number with time corresponding with the increase in compressive strength(Neville 
1995). No variation between control and treated specimens was observed. 
Again, the data correlates with the compressive strength, modulus of elasticity and 
Poisson’s ratio results, the rebound hammer results. The results indicate that the surface 
hardness of concrete is not affected by the sealer treatment. 
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4.5 Ultrasonic Pulse Velocity (UPV) 
The ultrasonic wave velocity is related to the density of concrete. This is a long-established, 
non-destructive test method which determines the velocity of longitudinal (compressional) 
waves. It has been found to be useful in monitoring the modulus of elasticity of high 
strength concrete in service. The value of the ultrasonic pulse velocity has been used to 
determine the strength of concrete even though there is no physical relation between the 
two (Neville 1995). But, it should be noted that UPV values are greatly influenced by the 
moisture content and the temperature of concrete at the time test (Guidebook on Non-
Destructive Testing of Concrete Structures  2002). 
4.5.1 Preliminary mixes 
Table 4.7 shows the UPV results of treated and control concrete specimens at 28 days, 90 
days and 365 days for each type of concrete tested, namely the GGBS mix, 30% fly ash 
mix and the OPC mix. The results are plotted in Figure 4.10. 
 
Table 4.7 UPV test results of Mix 1, 2 & 3 
Mix 
No. 
Concrete mix   
UPV (m/s) 
28 days 90 days 1 year 
1 
GGBS Mix Control 3890 2850 3730 
Treated(1D) 2530 2000 3820 
2 
30% Fly Ash 
Mix 
Control 2400 2400 3700 
Treated(1D) 2320 2100 2500 
3 
OPC Mix Control 2900 2700 3680 
Treated(1D) 2590 1650 3700 
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Figure 4.10  UPV test results of Mix 1, 2 & 3 
 
A general increase in UPV value with time is observed though the results displayed a high 
standard deviation. This may have been caused by the heterogeneous nature of the 
concrete and the inability to secure good contact between the transducers and surface due 
to uneven surface finish. To overcome this problem, specimens from the second series of 
tests were smooth finished on the top surface.  
No evidence of any effect from the sealer treatment was observed.    
 
4.5.2 Secondary mixes 
Table 4.8 shows the UPV results of 1 day treated, 28th day treated and control concrete 
specimens at 28 days, 90 days and 365 days for each type of concrete tested, namely the 
20% fly ash mix, 60 MPa high strength mix and the 25 MPa low strength OPC mix. The 
results are plotted in Figure 4.11. 
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Table 4.8 UPV test results of Mix 4, 5 & 6 
Mix No. Concrete mix  
UPV (m/s) 
28 days 90 days 1 year 
4 
20% Fly Ash Mix Control 3859 3134 3003 
Treated(1D) 3870 3227 2966 
Treated(28D) 3803 3206 2972 
 5 
High Strength Mix Control 3216 2893 3300 
Treated(1D) 3230 2892 2765 
Treated(28D) 3368 2912 3122 
6 
Low Strength Mix Control (Air Cured) 2982 2710 * 
Treated (Air Cured) 2758 2782 * 
Control (Water Cured) 3075 3002 * 
Treated (Water Cured) 2855 2911 * 
Note: * Test maturity not achieved yet 
 
 
Figure 4.11 UPV test results of Mix 4, 5 & 6 
 
It can be identified that the UPV results gradually decrease for both mixes with the increase 
in time. UPV value is considered to be proportional to concrete strength as discussed in 
the previous section, as such the UPV data for both mixes does not correlate with the 
compressive strength, modulus of elasticity and Poisson’s ratio data. This is attributed to 
the fact that the UPV value can be influenced by factors such as moisture content and 
temperature, as well as the heterogeneous nature of the concrete (Guidebook on Non-
Destructive Testing of Concrete Structures  2002). 
Nevertheless, UPV results showed no difference between control and treated specimens. 
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The specimen age at the time of treatment also had no observable effect on the results. 
Therefore, it can be concluded that the sealer treatment does not affect the UPV test results 
of the fly ash or high strength concrete mixes. 
 
4.6 Discussion 
Analysis of results of mechanical properties of concrete treated with hydrogel indicated that 
the treatment does not have any discernible impact on the mechanical properties of 
concrete. 
This is in agreement with the wide industry acceptance that most surface treatments cannot 
directly improve the strength of concrete because they cannot improve the quality and 
porosity of the whole concrete element (Pan et al. 2017b). 
It was hypothesised that the early application of treatment may have an impact on the 
curing process. Cement hydration is dependent on the hydration of the clinker phases due 
to the reaction with water. The hydration reaction of cement results in a concrete product 
consisting of solid and a pore system. This pore system governs the most important 
properties of concrete, including the mechanical properties studied. The pore structure 
relates directly to w/c ratio and the degree of hydration, because porosity of concrete is 
affected by the cement paste since the porosity of aggregate is generally very low. Pore 
volume increases with w/c ratio and decreases with degree of cement hydration (Kumar & 
Bhattacharjee 2003) (Kurdowski 2014). 
In cement hydration process hydration of one phase influences the process of the other 
cement constituents as well which makes it very complicated. The aluminate (C3A or 
Ca3Al2O6) phases turns into hydrates rapidly, subsequently the alite (C3S or Ca3SiO5) and 
ferrites (C4AF or Ca2(AlxFe1-x)2O5); the belite (C2S or Ca2SiO4) phase shows the lowest 
hydration rate. The substantial interaction occurs between the two most rapidly reacting 
C3S and C3A (Kumar & Bhattacharjee 2003) (Kurdowski 2014). As such the availability of 
moisture is critical to cement hydration and the mechanical properties. Given the water 
absorption properties of a hydrogel it was hypothesised that the hydrogel treatment would 
provide additional water for hydration and hence improve the mechanical properties. This 
hypothesis was not supported by the data in the mechanical tests.  
Therefore, treatment can be used in the field with confidence that it will not impact on the 
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mechanical properties of concrete. 
 
4.7 Summary 
This chapter presented the results of a comprehensive experimental program conducted 
to understand the impact of hydrogel treatment on mechanical properties of concrete. 
• It can be concluded that the treatment does not offer a beneficial nor an adverse 
effect on the mechanical properties of the concrete. 
• It is recommended that further detailed investigation of the mechanical properties is 
undertaken to be able to compare the results with the findings of previous research.  
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5. EFFECT OF TREATMENT ON DURABILITY PROPERTIES OF 
CONCRETE 
5.1 Overview 
This chapter presents the results and discussion related to the effect of the sealer treatment 
on the durability properties investigated in the experimental study. Water permeability, air 
permeability of control and treated specimens of different types of concrete were examined, 
as was the electrical resistivity. Experimental results were analysed to understand the 
effects of the sealer on the durability properties of concrete following treatment. 
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5.2 Air Permeability Index 
5.2.1 Preliminary mixes 
Table 5.1 shows the Air Permeability Index results of treated and control concrete 
specimens at 28 days, 90 days and 365 days for each type of concrete tested, namely the 
GGBS mix, 30% fly ash mix and the OPC mix. The results are plotted in Figure 5.1. 
Table 5.1 Air Permeability test results of Mix 1, 2 & 3 
Mix 
No. 
Concrete mix   
Air Permeability Index 
(ln(mbar)/min) 
28 days 90 days 1 year 
1 
GGBS Mix Control -0.2725 -0.0072 -0.0462 
Treated(1D) -0.0146 -0.2609 -0.0000 
2 
30% Fly Ash 
Mix 
Control -0.1761 -0.2055 -0.2659 
Treated(1D) -0.0692 -0.3084 -0.1367 
3 
OPC Mix Control -0.5583 -0.0480 -0.1310 
Treated(1D) -0.1399 -0.3429 -0.1080 
 
 
Figure 5.1 Air Permeability test results of Mix 1, 2 & 3 
 
Air permeability index measure results showed a significant improvement following the 
sealer treatment in both the slag concrete mix (GGBS) and the OPC compared to the 
control at 28 and 365 days. The 28-day air permeability results with the treated specimens 
consistently giving lower air permeability than the control specimens. This was also true at 
365 days, though the proportional improvement was less at 365 days. It was also noted 
that the improvement in the air permeability values was greater for the GGBS specimens 
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than the OPC specimens. 
However, the 90-day test results showed anomalous behaviour for both control and treated 
specimens of both the slag concrete mix and the OPC mix. Control specimens of both 
mixes indicated an improvement from 28-day to 90-day and a deterioration from 90-day to 
365-day, while the treated specimens demonstrated higher air permeability at 90 days 
compared to 28 days. Indeed the results indicated the air permeability of the treated 
specimens was higher than the control specimens at 90 days. It is unclear as to the cause 
of this behaviour as it contradicts the mechanical data which indicated no adverse effects 
from the sealer treatment.  The fact that the 90 day control specimens provide the lowest 
air permeability at 90 days also does not correlate with the mechanical data and suggest 
that the measurements at 90 days may be unreliable. Further research is required into the 
chemistry of the sealer treatment to discover if the results are due to the treatment itself or 
a function of the monitoring. 
The air permeability of both control and treated specimens of 30 % fly ash mix increased 
with time. This is attributed to the high volume of fly ash in the mix as discussed in section 
4.2. 
5.2.2 Secondary mixes 
 
Table 5.2 shows the Air Permeability Index results of 1 day treated, 28th day treated and 
control concrete specimens at 28 days, 90 days and 365 days for each type of concrete 
tested, namely the 20% fly ash mix, 60 MPa high strength mix and the 25 MPa low strength 
OPC mix. The results are plotted in Figure 5.2.  
 
Table 5.2 Air Permeability test results of Mix 4, 5 & 6 
Mix No. Concrete mix  
Air Permeability Index 
(ln(mbar)/min) 
28 days 90 days 1 year 
4 
20% Fly Ash Mix Control -0.1549 -0.1291 -0.0870 
Treated(1D) -0.0530 -0.1321 -0.0740 
Treated(28D) -0.0277 -0.1074 -0.1547 
 5 
High Strength Mix Control -0.1428 -0.0735 -0.1165 
Treated(1D) 0 -0.0664 -0.0358 
Treated(28D) -0.0001 -0.0009 -0.0584 
6 
Low Strength Mix Control (Air Cured) -0.1079 -0.1555 * 
Treated (Air Cured) -0.0357 -0.0924 * 
Control (Water Cured) 0 0 * 
Treated (Water Cured) 0 0 * 
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Note: * Test maturity not achieved yet 
 
Figure 5.2 Air Permeability test results of Mix 4, 5 & 6 
 
The air permeability of control specimens from both mixes reduced over time as expected. 
The control specimens of the high strength mix showed the same anomalous behaviour 
that was observed in the slag mix and the OPC mix at 90-day. However, the permeability 
of the treated specimens was observed to increase with time.  In all instances the treated 
specimens displayed higher air permeability results at 90 days than their 28 days test 
result. Furthermore, all treated specimens demonstrated higher air permeability at 365 
days compared to that at 28 days. This was more significant in 28th day treated specimens 
than 1 day treated specimens.  
Despite the increase in air permeability with time for the treated specimens an improvement 
of the air permeability results was observed following the sealer treatment in both 20% fly 
ash mix and high strength mix at 28 days. Both of the treated high strength concretes 
displayed zero air permeability at 28 days. This reduced with time though the 1 day treated 
specimens had lower air permeability throughout. However, by 365 days the 28 day treated 
20% fly ash had a higher permeability than the control concrete. 
Therefore, it can be concluded that the sealer treatment initially has a significant 
improvement on the air permeability. However, this improvement reduces with time. In 
addition the improvement is more pronounced in 1 day treated specimens than 28 day 
treated specimens, with 28 day treated 20% fly ash having a higher air permeability than 
control concrete at 365 days. 
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5.3 Water Permeability Index 
5.3.1 Preliminary mixes 
 
 
Table 5.3 shows the Water Permeability Index results of treated and control concrete 
specimens at 28 days, 90 days and 365 days for each type of concrete tested, namely the 
GGBS mix, 30% fly ash mix and the OPC mix. The results are plotted in Figure 5.3. 
 
 
Table 5.3 Water Permeability test results of Mix 1, 2 & 3 
Mix 
No. 
Concrete mix   
Water Permeability 
(m3/min0.5) * E-7 
28 days 90 days 1 year 
1 
GGBS Mix Control 2.0 1.0 2.0 
Treated(1D) 0.6 3.0 0.4 
2 
30% Fly Ash 
Mix 
Control 100.0 7.0 5.0 
Treated(1D) 1.0 4.0 3.0 
3 
OPC Mix Control 5.0 2.0 2.0 
Treated(1D) 5.0 6.0 2.0 
Note: The value of 100 is being represented as a lower value for a better scaled graph. 
 
 
Figure 5.3 Water Permeability test results of Mix 1, 2 & 3 
 
 
The water permeability index results for the treated and untreated slag concrete mix were 
lower than the other concrete mixes tested, indicating that the slag concrete was less water 
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permeable. Between 28 and 365 days, both the control and treated specimens displayed 
no increase or decrease in the water permeability index for the GGBS mix. The water 
permeability of the treated GGBS specimens improved from 28 and 365 days. 
 However, at 90 days the treated specimen displayed an increase and the control a 
decrease in the index value, as observed in the air permeability data.  
For the OPC concrete mix, the sealer treatment demonstrated a decrease in the water 
permeability index, between 28 and 365 days, as did the control, though at 90 days the 
treated specimen displayed an increase in the water permeability, again similar to that 
observed in the air permeability data. Overall no significant effect on the water permeability 
index was observed for the OPC mix. 
The water permeability results of the 30 % fly ash mix showed a reduction for the control 
but an increase for the treated specimens, though the treated specimens had lower water 
permeability than the control throughout.  
It is concluded that the treatment provides an improvement in the water permeability of the 
GGBS concrete mix but has no effect on the OPC concrete mix. 
5.3.2 Secondary mixes 
Table 5.4 shows the Water Permeability Index results of 1 day treated, 28th day treated 
and control concrete specimens at 28 days, 90 days and 365 days for each type of concrete 
tested, namely the 20% fly ash mix, 60 MPa high strength mix and the 25 MPa low strength 
OPC mix. The results are plotted in Figure 5.4. 
 
Table 5.4 Water Permeability test results of Mix 4, 5 & 6 
Mix No. Concrete mix  
Water Permeability 
(m3/min0.5) * E-7 
28 days 90 days 1 year 
4 
20% Fly Ash Mix Control 3.0 3.0 2.0 
Treated(1D) 3.0 5.0 2.0 
Treated(28D) 0.6 5.0 7.0 
 5 
High Strength Mix Control 2.0 1.4  2.9 
Treated(1D) 0.3 2.2  1.2 
Treated(28D) 0.6 1.0  1.9 
6 
Low Strength Mix Control (Air Cured) 6 6 * 
Treated (Air Cured) 7 6 * 
Control (Water Cured) 0.3 0.2 * 
Treated (Water Cured) 0.6 0.2 * 
Note: * Test maturity not achieved yet 
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Figure 5.4 Water Permeability test results of Mix 4, 5 & 6 
 
The water permeability index results for the treated and control high strength concrete mix 
were lower than the 20% FA mix, indicating that the high strength mix was less water 
permeable attributed to its lower water:cement ratio.  
It was observed that the water permeability increased with time for the 28th day treated 
specimens of both concrete mixes. As with the air permeability, the 28th day treated 20% 
fly ash specimen had a higher permeability than the control specimen at 365 days. For the 
1 day treated 20% fly ash specimen, the sealer treatment did not demonstrate any variation 
in the water permeability index for the control and treated specimens. 
The high strength mix showed a significant improvement in water permeability following 
application of the sealer at 28, 90 and 365 days. Although, both control and treated 
specimens showed an increase in water permeability with time. The 1 day treated 
specimens showed lower water permeability values than 28th day treated specimens at 
both 28 and 365 days. The treated specimen of both concrete mixes displayed a similar 
increase in the water permeability at 90 days to that observed in the air permeability results. 
Water permeability results showed the same trend as air permeability results, showing that 
treatment is much more effective on high strength concrete than fly ash concrete and the 
treatment is more effective when carried out at 1 day rather than 28 days.  
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5.4 Electrical Resistivity 
5.4.1 Preliminary mixes 
 
Table 5.5 shows the electrical resistivity results of treated and control concrete specimens 
at 28 days, 90 days and 365 days for each type of concrete tested, namely the GGBS mix, 
30% fly ash mix and the OPC mix. The results are plotted in Figure 5.5. 
 
Table 5.5 Electrical resistivity test results of Mix 1, 2 & 3 
Mix No. Concrete mix   
Resistivity (k.cm) 
28 days 90 days 1 year 
1 
GGBS Mix Control 197.0 100.0 158.2 
Treated(1D) 123.0 100.0 115.8 
2 
30% Fly Ash Mix Control 69.0 230.0 258.0 
Treated(1D) 39.0 140.0 273.0 
3 
OPC Mix Control 29.0 142.0 56.4 
Treated(1D) 28.0 97.0 82.4 
 
 
Figure 5.5 Electrical resistivity test results of Mix 1, 2 & 3 
 
Electrical resistivity results of both treated and control specimens did not follow any clear 
trend, with no significance difference between the treated and control specimens observed. 
Resistivity is dependent on a number of factors, of which moisture is the most dominant. 
As such an increase in resistivity might be expected as the concrete dries out over time 
(Lübeck et al. 2012). However, no evidence of this was observed in the GGBS and OPC 
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mixes, though an increase in the 30% fly ash was observed at 90 and 365 days. 
Therefore, it can be concluded that the treatment has no effect on the electrical resistivity 
of concrete. 
5.4.2 Secondary mixes 
Table 5.6 shows the Electrical resistivity results of 1 day treated, 28th day treated and 
control concrete specimens at 28 days, 90 days and 365 days for each type of concrete 
tested, namely the 20% fly ash mix, 60 MPa high strength mix and the 25 MPa low strength 
OPC mix. The results are plotted in Figure 5.6. 
 
Table 5.6 Electrical resistivity test results of Mix 4, 5 & 6 
Mix No. Concrete mix  
Resistivity (k.cm) 
28 days 90 days 1 year 
4 
20% Fly Ash Mix Control 19.6 61.7 320.7 
Treated(1D) 27.0 71.8 257.1 
Treated(28D) 17.4 71.5 248.5 
 5 
High Strength Mix Control 23.4 56.5 225.4 
Treated(1D) 23.0 63.8 199.9 
Treated(28D) 21.3 67.1 159.7 
6 
Low Strength Mix Control (Air Cured) 10.0 55.6 * 
Treated (Air Cured) 10.8 49.0 * 
Control (Water Cured) 18.5 16.1 * 
Treated (Water Cured) 21.1 16.9 * 
Note: * Test maturity not achieved yet 
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Figure 5.6 Electrical resistivity test results of Mix 4, 5 & 6 
 
No significant difference between control and treated results was observed, though the 
electrical resistivity values increased with time for both mixes. 
Therefore, it can be concluded that the treatment has no effect on the electrical resistivity 
of concrete. 
5.5 Discussion 
Basheer et al. reported that initially there is a small reduction in breathability of concrete 
due to surface treatments, however, in the longer term there is no difference at all between 
untreated and surface-treated concretes (Basheer et al. 1997). A similar trend was 
observed in the 20% fly ash concrete mix and the OPC concrete mix. 
However, the observed results showed that the treatment does affect the air permeability 
of the GGBS and high strength concrete mixes. The GGBS was shown to be impermeable 
to air post treatment. As discussed in the literature review, lower air permeability is 
generally good and would lead to improved performance against carbonation. But, at the 
same time, the impermeable nature observed in GGBS mix post treatment could lead to 
more severe problems due to freeze-thaw cycles in concrete structures subjected to 
extreme cold weather conditions. The beneficial effects of the treatment on GGBS concrete 
may have resulted due to the denser microstructure of hydrated cement paste where more 
of the pore space is filled with C-S-H than in OPC only paste (Neville 1995). 
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Water permeability results showed that the treatment can affect the water permeability of 
GGBS concrete and high strength concrete too. This may be due to improved curing 
offered by the hydrogel making more moisture available for hydration, hence producing a 
reduced porosity at early age due to a higher degree of hydration compared to the control 
specimens. However, the permeability of the control specimens improves with time while 
the permeability of the treated specimens increases with time. This improvement in the 
permeability of the control specimens is due to the ongoing hydration reaction leading to a 
refinement in the pore structure of the concrete. It is hypothesised that the increase in the 
permeability for the treated specimens may be due to pores being formed as the concrete 
dries and water is lost from the hydrogel. At this time all the binder has been consumed 
and no additional gel can be formed to fill these pores. Hence the increase in porosity with 
time for the treated specimens. 
5.6 Summary 
This chapter presented the results of a comprehensive experimental program conducted 
to understand the impact of hydrogel treatment on durability properties of concrete. 
Following conclusions can be drawn from this chapter. 
• The treatment offers beneficial effects on GGBS and high strength concrete 
structures but not for OPC and fly ash concrete structures. 
• Sealer application at 1 day after casting is more effective than at 28 days after 
casting. 
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6. CHLORIDE RESILIENCE, CARBONATION AND 
PENETRATION DEPTH 
6.1 Overview 
This chapter presents the results and discussion related to the effects of the sealer 
treatment on chloride resilience, carbonation and the penetration depth of the sealer 
treatment. Chloride diffusivity of control and treated specimens of GGBS, Fly Ash, OPC 
and low strength concrete exposed to air and water curing were examined. Experimental 
results were analysed to understand the effects of sealer on the chloride and carbonation 
resilience of concrete following treatment. 
6.2 Penetration depth 
As discussed in the literature review, the depth of penetration of a sealer treatment is 
crucial for ensuring long term durability of the concrete structure. Most of the studies 
associated with penetrating sealers found in literature reported sealers with hydrophobic 
characteristics where the depth of penetration could be easily identified by the difference 
in water absorptivity. That method could not be applied in this research since the sealer 
treatment has no inherent hydrophobic characteristics. Therefore, a novel method was 
investigated where FT-IR spectroscopy was proposed to qualitatively identify traces of the 
active ingredient (Polyacrylamide) found in the analysis of the sealer product using this 
technique. 
Testing was performed using cylindrical specimens of 100 mm diameter and 200mm height 
where the bottom cast faces were treated and analysed after 28 days to enable the sealer 
to penetrate into the concrete matrix. After this period, the sample was cut in to incremental 
10 mm deep slices and powder samples were prepared and FT-IR spectroscopy analysis 
carried out. 
Figure 6.1 through Figure 6.4 illustrates the FT-IR spectra observed from the incremental 
depths from 0–70 mm of treated specimens. Corresponding search indexes are tabulated 
in Table 6.1 through Table 6.4 respectively. Control specimens, with no treatment are 
reported in Figure 6.5 which illustrates a FT-IR spectrum of a control specimen at 20-30 
mm depth and search indexes are tabulated in Table 6.5. 
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Figure 6.1 Comparison of FT-IR spectra of 0-10 mm depth of treated specimen and polyacrylamide 
   
Table 6.1 Search indexes for 0-10 mm depth of treated specimen 
Search Score Search Reference Spectrum Description 
0.29997 HYDROXYPROPYL CELLULOSE 
0.28206 POLY(VINYL FLUORIDE) 
0.27998 POLY(VINYL ALCOHOL) 100% HYDROLYZED 
0.233135 STYRENE/ACRYLONITRILE COPOLYMER 30% ACRYLONITRILE 
0.229571 STYRENE/ACRYLONITRILE COPOLYMER 20% ACRYLONITRILE 
0.227606 STYRENE/ACRYLONITRILE COPOLYMER 25% ACRYLONITRILE 
0.213549 POLY(VINYL ALCOHOL) 88% HYDROLYZED 
0.20987 STYRENE/ALLYL ALCOHOL COPOLYMER 5.4%- 6.0% HYDROXYL 
0.208299 STYRENE/BUTADIENE COPOLYMER 85% STYRENE 
0.193088 POLYSTYRENE 
0.183256 POLYETHYLENE, CHLOROSULFONATED 
0.179703 POLY(ETHYLENE OXIDE) 
0.174644 HYDROXYPROPYL METHYL CELLULOSE 10% HYDROXYPROPYL, 30% METHOXYL 
0.172818 HYDROXYBUTYL METHYL CELLULOSE 8% HYDROXYBUTYL, 20% METHOXYL 
0.167364 PHENOXY RESIN 
0.160955 POLY(ALPHA-METHYL STYRENE) 
0.155975 POLY(VINYL FORMAL) 
0.152121 METHYL CELLULOSE 
0.128372 STYRENE/BUTADIENE COPOLYMER ABA BLOCK 30% STYRENE 
0.123839 POLY(DIALLYL PHTHALATE) 
0.123746 POLYACRYLAMIDE 
0.120283 POLY(VINYL PYRROLIDONE) 
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Figure 6.2 Comparison of FT-IR spectra of 10-20 mm depth of treated specimen and polyacrylamide 
 
Table 6.2 Search indexes for 10-20 mm depth of treated specimen 
Search Score Search Reference Spectrum Description 
0.464098 POLYPROPYLENE, CHLORINATED 
0.431474 RUBBER, CHLORINATED 
0.276377 HYDROXYPROPYL CELLULOSE 
0.266787 POLY(VINYL ALCOHOL) 100% HYDROLYZED 
0.265308 POLY(VINYL FLUORIDE) 
0.211666 STYRENE/ACRYLONITRILE COPOLYMER 30% ACRYLONITRILE 
0.209936 STYRENE/BUTADIENE COPOLYMER 85% STYRENE 
0.208704 STYRENE/ACRYLONITRILE COPOLYMER 20% ACRYLONITRILE 
0.206466 STYRENE/ACRYLONITRILE COPOLYMER 25% ACRYLONITRILE 
0.202323 POLY(VINYL ALCOHOL) 88% HYDROLYZED 
0.182395 PHENOXY RESIN 
0.175051 HYDROXYBUTYL METHYL CELLULOSE 8% HYDROXYBUTYL, 20% METHOXYL 
0.173015 HYDROXYPROPYL METHYL CELLULOSE 10% HYDROXYPROPYL, 30% METHOXYL 
0.166159 METHYL CELLULOSE 
0.165972 POLY(VINYL FORMAL) 
0.164143 POLYACRYLAMIDE 
0.161829 POLYSTYRENE 
0.154441 STYRENE/BUTADIENE COPOLYMER ABA BLOCK 30% STYRENE 
0.151829 CELLULOSE ACETATE BUTYRATE 
0.151454 CELLULOSE ACETATE 
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Figure 6.3 Comparison of FT-IR spectra of 20-30 mm depth of treated specimen and polyacrylamide 
 
Table 6.3 Search indexes for 20-30 mm depth of treated specimen 
Search Score Search Reference Spectrum Description 
0.4319 POLYPROPYLENE, CHLORINATED 
0.402805 RUBBER, CHLORINATED 
0.265508 POLY(VINYL FLUORIDE) 
0.265026 HYDROXYPROPYL CELLULOSE 
0.239616 STYRENE/BUTADIENE COPOLYMER 85% STYRENE 
0.238652 POLY(VINYL ALCOHOL) 100% HYDROLYZED 
0.220474 METHYL CELLULOSE 
0.218943 STYRENE/BUTADIENE COPOLYMER ABA BLOCK 30% STYRENE 
0.215352 POLY(VINYL FORMAL) 
0.213161 HYDROXYBUTYL METHYL CELLULOSE 8% HYDROXYBUTYL, 20% METHOXYL 
0.212737 HYDROXYPROPYL METHYL CELLULOSE 10% HYDROXYPROPYL, 30% METHOXYL 
0.197375 STYRENE/ACRYLONITRILE COPOLYMER 30% ACRYLONITRILE 
0.197021 STYRENE/ACRYLONITRILE COPOLYMER 20% ACRYLONITRILE 
0.193711 STYRENE/ACRYLONITRILE COPOLYMER 25% ACRYLONITRILE 
0.18811 ETHYL CELLULOSE 
0.176905 POLY(VINYL ALCOHOL) 88% HYDROLYZED 
0.172836 POLYETHYLENE, CHLORINATED 36% CHLORINE 
0.172153 PHENOXY RESIN 
0.171761 POLY(ISOBUTYL METHACRYLATE) 
0.170021 ACRYLONITRILE/BUTADIENE/STYRENE RESIN 
0.169517 POLY (1,4-CYCLOHEXANEDIMETHYLENE TEREPHTHALATE) 
0.165118 CELLULOSE ACETATE BUTYRATE 
0.163032 POLY(1,4-BUTYLENE TEREPHTHALATE) 
0.162378 POLYSTYRENE 
0.162344 POLYACRYLAMIDE 
0.161961 POLY(DIALLYL PHTHALATE) 
0.16036 CELLULOSE ACETATE 
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Figure 6.4 Comparison of FT-IR spectra of 60-70 mm depth of treated specimen and polyacrylamide 
 
Table 6.4 Search indexes for 60-70 mm depth of treated specimen 
Search Score Search Reference Spectrum Description 
0.418398 POLYPROPYLENE, CHLORINATED 
0.393332 RUBBER, CHLORINATED 
0.258844 POLY(VINYL ALCOHOL) 100% HYDROLYZED 
0.252683 HYDROXYPROPYL CELLULOSE 
0.245534 POLY(VINYL FLUORIDE) 
0.215511 STYRENE/BUTADIENE COPOLYMER 85% STYRENE 
0.207035 METHYL CELLULOSE 
0.19898 HYDROXYBUTYL METHYL CELLULOSE 8% HYDROXYBUTYL, 20% METHOXYL 
0.193418 HYDROXYPROPYL METHYL CELLULOSE 10% HYDROXYPROPYL, 30% METHOXYL 
0.189804 POLY(VINYL ALCOHOL) 88% HYDROLYZED 
0.186508 STYRENE/BUTADIENE COPOLYMER ABA BLOCK 30% STYRENE 
0.186064 POLY(VINYL FORMAL) 
0.182825 CELLULOSE PROPIONATE 
0.182494 CELLULOSE ACETATE BUTYRATE 
0.181581 STYRENE/ACRYLONITRILE COPOLYMER 30% ACRYLONITRILE 
0.180019 STYRENE/ACRYLONITRILE COPOLYMER 20% ACRYLONITRILE 
0.178592 PHENOXY RESIN 
0.177013 STYRENE/ACRYLONITRILE COPOLYMER 25% ACRYLONITRILE 
0.170698 POLY (1,4-CYCLOHEXANEDIMETHYLENE TEREPHTHALATE) 
0.168377 CELLULOSE ACETATE 
0.166902 POLYACRYLAMIDE 
0.166056 ETHYL CELLULOSE 
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Figure 6.5 Comparison of FT-IR spectra of 20-30 mm depth of control specimen and polyacrylamide 
 
Table 6.5 Search indexes for 20-30 mm depth of control specimen 
Search Score Search Reference Spectrum Description 
0.380175 POLYPROPYLENE, CHLORINATED 
0.331273 RUBBER, CHLORINATED 
0.255469 POLYETHYLENE, CHLOROSULFONATED 
0.24668 POLY(VINYL PYRROLIDONE) 
0.237604 POLY(4,4-DIPROPOXY-2,2-DIPHENYL PROPANE FUMARATE) 
0.222757 POLYACRYLAMIDE 
0.209935 HYDROXYPROPYL CELLULOSE 
0.20969 POLYACRYLAMIDE, CARBOXYL MODIFIED LOW CARBOXYL CONTENT 
0.183937 STYRENE/BUTADIENE COPOLYMER 85% STYRENE 
0.18393 POLY(2,6-DIMETHYL-P-PHENYLENE OXIDE) 
 
The search score identifies the similarity between the FT-IR spectrum observed with the 
spectra in the database. The data showed a higher similarity between the control specimen 
and the active ingredient spectrum than was observed in the treated specimens. Low 
concentration of the active ingredient at the surface area in contact with the ATR has 
resulted in a very low signal-to-noise (S/N) ratio which rendered it hard to distinguish the 
IR signature of the active ingredient. Given that the control similarity was higher than the 
treated sample the FT-IR was discounted as a viable methodology to be applied for 
determining the penetration depth of the sealer treatment. 
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6.3 Chloride resilience 
6.3.1 Chloride diffusion analysis 
The salt ponding test is a long term test that can be used to measure the actual penetration 
of chloride ions into concrete. The fitting of chloride profiles into Fick’s 2nd law equation 
was carried out by regression analysis. The solver function in excel was employed to carry 
out simultaneous calculation of surface concentration (Cs) and diffusion coefficient values 
(D). The calculated diffusion coefficients are apparent diffusion coefficients (Da) as they 
represent effects of both diffusion and interaction of chloride ions with the cement matrix. 
Chloride profiles observed for GGBS mix, 30% fly ash mix and OPC mix from 90-day 
ponding tests are reported in Table 6.6. 
 
Table 6.6 90-day chloride ponding test results of preliminary mixes 
Mix No. 
Chloride Data (% by cement mass) 
Concrete mix Depth (mm) 0-5 7-12 15-19 22-26 29-35 
1 
GGBS Mix Control 3.458 0.639 0.248 0.228 0.238 
Treated(1D) 3.57 0.773 0.176 0.187 0.227 
2 
30% Fly Ash Mix Control 4.887 2.027 0.928 0.392 0.269 
Treated(1D) 5.002 2.348 0.372 0.258 0.187 
3 
OPC Mix Control 4.044 1.914 0.598 0.227 0.217 
Treated(1D) 2.399 1.267 0.444 0.217 0.248 
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Chloride profiles observed for GGBS mix and OPC mix from long term ponding (20 months) 
tests are reported in Table 6.7. 
 
Table 6.7 Long term chloride ponding test results 
Mix No. 
Chloride Data (% by cement mass) 
Concrete mix Depth (mm) 0-5 5-10 10-15 15-20 20-25 
1 
GGBS Mix Control 5.889 3.025 1.621 0.508 0.285 
Treated(1D) 2.812 1.843 1.012 0.505 0.248 
3 
OPC Mix Control 4.372 3.412 2.321 1.630 1.091 
Treated(1D) 2.381 1.368 0.968 0.752 0.603 
 
Chloride profiles observed for low strength OPC mix from 90-day ponding tests are 
reported in Table 6.8. 
 
Table 6.8 90-day chloride ponding test results of secondary mixes 
Mix No. 
Chloride Data (% by cement mass) 
Concrete 
mix 
Depth (mm) 0-5 5-10 10-15 15-20 20-25 
6 
Low 
Strength Mix 
Control (Air Cured) 3.48957 2.31379 2.04414 1.84214 1.49764 
Treated (Air Cured) 1.73943 1.47286 1.33807 1.27000 1.11500 
Control (Water Cured) 3.84136 1.89014 1.48607 1.05957 0.72771 
Treated (Water Cured) 3.40871 1.97986 1.47407 0.99250 0.66529 
 
Figure 6.6 Excel program used to calculate the chloride diffusion coefficients 
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The apparent diffusion coefficient (Da) and surface chloride concentration (Cs) tabulated 
in Table 6.9 were calculated by plotting the chloride profiles using the chloride profile data 
in Table 6.6, Table 6.7 and Table 6.8 as illustrated in Figure 6.6.  
 
Table 6.9 Chloride diffusion coefficients & surface chloride concentrations 
Ponding 
time 
Mix 
No. 
Concrete 
mix 
 
Apparent diffusion 
coefficient (Da) 
(m2/sec) x E-12 
Surface chloride 
concentration (Cs) 
(% by cement mass) 
90-Day 
ponding 
1 
GGBS 
Mix 
Control 31.2 0.9 
Treated(1D) 10 1.7 
3 OPC Mix 
Control 8.2 5.1 
Treated(1D) 11 2.8 
Long Term 
Ponding 
(20 months) 
1 
GGBS 
Mix 
Control 1.8 6.3 
Treated(1D) 2.3 3.4 
3 OPC Mix 
Control 5.1 5 
Treated(1D) 7.7 1.8 
90-Day 
ponding 
6 
Low 
strength 
Mix 
Control (Air Cured) 94.9 2.8 
Treated (Air Cured) 198 1.6 
Control (Water Cured) 27.8 2.7 
Treated (Water Cured) 22.5 2.9 
 
  
Figure 6.7 Apparent chloride diffusion coefficients 
 
The apparent diffusion coefficient values observed were lower for the long term ponding 
tests (20 months) than 90-day ponding tests. This trend was expected due to the time 
dependency of apparent diffusion coefficient which decreases exponentially with time 
(Guo, Chen & Gao 2012).  
The GGBS mix showed a significant improvement in chloride diffusion coefficient from the 
treatment for 90-day ponding test. This observation was reversed in the long term ponding 
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test where the control specimen displayed a lower diffusion coefficient, though the 
difference was minimal. The OPC mix gave a lower diffusion coefficient for the control 
specimens compared to the treated specimens for both 90-day ponding and the long term 
ponding tests. However, the variation in the coefficients, were again minimal. This would 
suggest that the treatment has no evident effect on the chloride diffusion coefficient, and 
hence the resilience to chloride penetration for either the OPC of the GGBS in the long 
term, though a short term improvement for the GGBS was noted. 
A significant variation was observed between diffusion coefficients of control and treated 
air cured low strength concrete specimens. The treated specimens displayed a significantly 
higher diffusion coefficient than control specimen.  
The low strength specimens that underwent the wet/dry curing regime gave significantly 
lower diffusion coefficients than those that were air cured. In the wet/dry cured regime the 
treated specimens had a lower diffusion coefficient, though as for the OPC and GGBS 
concrete this variation was not significant. This data would indicate that the curing regime 
has a major impact on the chloride diffusion characteristics of the concrete. It is well 
established that moist curing influences the quality of the concrete produced by reducing 
the porosity of concrete matrix providing better resistance against chloride ion penetration 
(Ramezanianpour & Malhotra 1995).  
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6.3.2 Cast-In chloride specimen analysis 
Two sets of 100x100x100 mm3 specimens of OPC concrete mix were cast with different 
chloride concentrations introduced into the mix at the time of casting to get 1% and 5% 
Sodium Chloride percentages by cement mass. One specimen was kept as a control to 
establish the chloride profile prior to application. The sealer treatment was applied to the 
top face of the other specimen and kept for 28 days before grinding powder samples to 
evaluate the chloride inhibition effects of the treatment. Powder samples were ground at 5 
mm incremental depths for the whole 100mm depth of sample for the treated specimens 
and up to 15mm depth for the control specimens since the chloride content was expected 
to be constant through specimen. Collected powder samples were analysed for total 
chloride ions at each depth. The chloride profile results are tabulated in Table 6.10 and 
Table 6.11. 
 
Table 6.10 Chloride profile data of 1% cast-in Chloride specimens 
Depth(mm) 
% by mass cement 
Before Treatment After Treatment 
0-5 0.10657 0.19279 
5-10 0.12836 0.37264 
10-15 0.18164 0.31850 
15-20   0.30786 
20-25   0.41886 
30-35   0.51886 
40-45   0.70071 
55-60   0.80750 
75-80   0.70514 
95-100   0.44893 
 
Table 6.11 Chloride profile data of 5% cast-in Chloride specimens 
Depth(mm) 
% by mass cement 
Before Treatment After Treatment 
0-5 0.87829 0.82678 
5-10 2.86236 2.56757 
10-15 4.48343 3.28000 
15-20   3.53900 
20-25   3.49336 
30-35   3.79021 
40-45   3.70157 
55-60   3.93414 
75-80   4.11750 
95-100   4.66950 
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The expected chloride ion percentage of approx. 0.6% by cement mass was not observed 
in the 1% NaCl control specimens. The 0 – 15 mm values in the control were significantly 
lower, in the range 0.1 – 0.18 %. Low values were also observed in the 0 – 5 mm range 
for the 1% NaCl treated and both the 5% NaCl specimens. It is usual practice to discount 
the 0 – 5 mm samples in chloride analysis due to the surface layer not being representative 
of the bulk concrete. The concrete surface layer generally has a high cement content and 
is also in contact with the external environment where washout, leaching or other 
environmental influences can affect the chloride concentration. However, it would not be 
expected that this would extend to 15 mmm depth and the data would suggest that the 
distribution of the cast-in chlorides has not been uniformly achieved. Given the control data 
is not possible to use these values as a basis for comparison with the treated specimens. 
As such the 1 % values are treated independently based upon the expected chloride levels 
of approx. 0.6% chloride. 
Based on the 0.6% chloride the chloride profile would indicate that chlorides have been 
removed to a depth of 30 – 35 mm, and has significantly reduced the chloride 
concentration, by almost 50% at a depth of 20 mm. The data also suggests that in addition 
to the reduction of chloride at the surface the treatment may have increased the chloride 
concentration within the concrete, with values between 0.7 and 0.8 % observed between 
40 – 80 mm. This could indicate that the hydrogel is penetrating to a depth of 30- 40 mm 
and will reduce the chloride concentration in this zone of the concrete but may, in the 
process, be moving the chloride deeper into the concrete rather than removing all the 
chloride from the concrete. 
The 5 % chloride data for the control specimen indicates that chloride levels are reduced 
in the 0 – 5 and 5 – 10 mm zone in the mixing, with a concentration of 4.48% observed in 
the 10- 15 mm zone. Based on the control value of 4.48 % the chloride profile for the treated 
specimens indicates that chloride concentration can be reduced up to 80 mm in depth, 
though the effectiveness reduces with depth, particularly beyond 30 mm.  
Overall the observed results indicated that the treatment was able to reduce the total 
chloride ion concentration of specimens in the initial 30 mm. Beyond this depth the 
treatment is less effective and may even increase chloride concentration. Further testing 
is required to fully establish the effective depth of treatment of the sealer. 
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6.3.3 Free and Bound chloride analysis 
The free chloride ion (water soluble chloride ion) concentration was analysed on the same 
powder samples at 10-15 mm depth for each specimen. Chloride ion concentration close 
to the exterior surface was observed to be much lower than the anticipated concentrations. 
Therefore, 0-10 mm depth range was discounted and 10-15 mm depth was selected for 
comparing free and bound chloride ion concentrations. The calculated results of total, free 
and bound chloride ion percentages by cement mass are tabulated in Table 6.12 and 
illustrated in Figure 6.8 and Figure 6.9. 
 
Table 6.12 Total, Free and bound chloride % by cement mass 
Chloride ion 
origin  
Mix 
No. 
Concrete mix   
Depth 
(mm) 
% by mass cement 
Total 
chloride 
Free 
chloride 
Bound 
Chloride  
90-Day 
ponding 
6 
Low strength 
Mix 
Control (Air Cured) 10-15 2.04414 1.13571 0.90843 
Treated (Air Cured) 10-15 1.33807 0.75000 0.58807 
Control (Water Cured) 10-15 1.48607 1.02143 0.46464 
Treated (Water Cured) 10-15 1.47407 0.85000 0.62407 
Long Term 
Ponding 
(20 months) 
1 GGBS Mix 
Control 10-15 1.62129 0.99286 0.62843 
Treated(1D) 10-15 1.01193 0.67857 0.33336 
3 OPC Mix 
Control 10-15 2.32129 1.30000 1.02129 
Treated(1D) 10-15 0.96829 0.62143 0.34686 
Cast-in 
Chlorides 
6 
OPC,1% chloride 
by cement 
Before Treatment 10-15 0.18164 0.03571 0.14593 
After Treatment 10-15 0.31850 0.10714 0.21136 
OPC,5% chloride 
by cement 
Before Treatment 10-15 4.48343 2.32143 2.16200 
After Treatment 10-15 3.28000 2.03571 1.24429 
 
 
 
Figure 6.8 Total, Free and bound chloride percentage of ponded specimens 
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Figure 6.9 Total, Free and bound chloride percentage of chloride cast-in specimens 
 
Figure 6.8 illustrates the distribution of total, free and bound chloride percentages found in 
control and treated salt ponded specimens at 10-15 mm depth and Figure 6.9 illustrates 
the distribution of total, free and bound chloride percentages found in chloride cast-in 
specimens before and after treatment.  
Results from the 90-day ponding tests of low strength OPC mix showed that the treatment 
resulted in a significant reduction of total chloride ion content in air cured specimen but not 
in the water cured specimen. Reduction of total chloride content was observed to be lower 
as a result of reduction in both free and bound chloride contents by similar amounts. 
Although the control and treated water cured specimens did not show a variation in total 
chloride content, it was observed that the treated specimen showed slightly lower free 
chloride content. 
Long term ponding test specimens of both GGBS mix and OPC mix showed that the 
treatment resulted in a significant reduction of total chloride ion content where reduction 
was equally influenced by the reduction in both free and bound chloride ion contents. 
In both cases of 1% and 5% in-cast chloride specimens no reduction in free chloride 
content was observed following the treatment. Reduction of total chloride ions was caused 
by the reduction of bound chloride content. 
The difference in behaviour between the bound and cast-in specimens is attributed to the 
difference in the nature of the chloride ions in the ponded and cast-in specimens. In ponded 
specimens, chloride ions diffuse into the concrete matrix via the connected pore network. 
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Chloride ions enter the specimen as free chloride and become bound as Friedel's salt. In 
ponded specimens, the free and bound chloride ions are in equilibrium and the ratio 
between free and bound chloride remains a constant. Therefore, when free chloride is 
removed from the specimen, the formed Friedel's salt will dissolve to maintain the ratio 
resulting in the reduction of both free and bound chloride ions, as is observed in the 
specimens post treatment.  
But, in cast-in specimens, chloride ions may be physically bound to the cement matrix as 
well as forming Friedel’s salt. Thus, the cast-in specimens will have a higher bound:free 
ratio than the ponded specimens. The data would indicate that the hydrogel is removing 
both the physically bound chloride as well as free chloride in equilibrium with that bound 
as Friedel’s salt, as the relative reduction in bound chloride is higher than for the ponded 
specimens. 
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6.4 Carbonation 
Carbonation depth results observed after exposing the specimens to accelerated 
carbonation environment for GGBS mix, 30% fly ash mix, OPC mix and low strength OPC 
mix are tabulated in Table 6.13 and illustrated in Figure 6.10. 
 
Table 6.13 Carbonation test results 
Concrete mix   
Carbonation Depth (mm) 
Control Treated 
GGBS Mix Air Cured 6.0 4.5 
30% Fly Ash Mix Air Cured 11.3 17.8 
OPC Mix Air Cured 8.0 7.0 
Low Strength 
Mix 
Air Cured 11.5 12.5 
Water Cured 4.0 6.0 
 
 
Figure 6.10 Carbonation test results 
 
It can be identified that improved carbonation depths were observed in treated specimens 
for GGBS mix and the OPC mix. These results are in agreement with the air permeability 
results observed for these two mixes where treated specimens showed improved air 
permeability since carbonation is directly influenced by the air permeability of concrete (de 
Vries & Polder 1997; Pan et al. 2017a). 
The high carbonation evident in the 30% fly ash mix are attributed to the high volume of fly 
ash in the mix as discussed in section 4.2. 
However, both of the low strength OPC mixes showed contradictory results, where treated 
specimens had higher carbonation depths but showed improved air permeability than 
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control specimens. This may have attributed to the fact that the low strength OPC mix 
having a higher water:cement ratio of 0.66 compared to 0.4 of all other mixes rendering 
the concrete specimens more porous. Sealer product may seem to perform better on 
concrete mixes with less porosity and smaller pore sizes rather than larger pores. 
6.5 Summary 
This chapter presented the results of experiments conducted to understand the effects of 
the sealer treatment on chloride resilience, carbonation and the penetration depth of the 
sealer treatment. Following conclusions can be drawn from this chapter. 
• GGBS concrete mixes can benefit from the sealer treatment in retarding chloride 
ingress in short term. However, the effect fades with time. 
• Sealer treatment was found to be affecting the total chloride concentration and 
free chloride concentration of ponded concrete specimens. 
• The bound chloride concentration was found to be reduced from the treatment 
when applied to cast in chloride specimens. 
• Treated GGBS and OPC concrete specimens found to have improved resilience 
against carbonation. 
• Sealer treatment was found to have an adverse effect on the low strength concrete 
mixes and further research is needed in order to explore possible explanations for 
the observed anomalous behaviour. 
• Proposed FT-IR method to measure the penetration depth of sealer was found to 
be obsolete due to technical shortcomings. 
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7. X-RAY COMPUTED TOMOGRAPHY ANALYSIS 
7.1 Introduction 
This chapter will elaborate on the X-ray computed tomography scans conducted control 
and treated concrete specimens. The analysis first required the development of 
appropriate software to assess changes in the pore size distribution and the pore structure 
at the microscopic level. Following development this software was applied to  concrete 
specimens of approximate dimensions of 10mmx10mmx10mm to determine any changes 
evident in the pore structure with time. These specimens were scanned using the phoenix 
v|tome|x s Industrial High-Resolution CT & X-Ray system. 
Specimens were scanned at 1 day, 28 days, 90 days after the sealer treatment. The sealer 
was applied within the first 24-48 hours of casting. Initial research used a new specimen at 
each time frame. However, it was found during the analysis stage that it was impossible to 
define a baseline for the comparison of treated and control specimens due to the 
heterogenous nature of concrete. Therefore, the analysis was undertaken using the same 
specimens at the different ages. This methodology could be applied as the test method 
was non-destructive and had no impact on the concrete development. 
Four types of specimens were selected from the 25 MPa OPC concrete mix. Namely, Air 
cured control, air cured treated, water cured control, water cured treated specimens. Two 
specimens from each category were selected for the tests. All the specimens were scanned 
immediately before the treatment to get a baseline of the pore structure of each specimen. 
This is referred to as 0day data. Each specimen including the control specimens was 
scanned again at 1day, 28days and 90 days after the sealer treatment was applied. 
 
7.2 X-ray imaging technology – Hardware used 
For the tomography work a General Electric phoenix v|tome|x s Industrial X-ray computed 
tomography equipment shown in Figure 7.1 was used. The v|tome|x s is a versatile high-
resolution system which is commonly used in mechanical and manufacturing industry for 
2D X-ray inspection, 3D computed tomography (micro CT and nano CT) and 3D metrology. 
Phoenix v|tome|x s is equipped with a 180 kV/15 W high-power nanofocus X-ray tube and 
a 240 kV/320 W microfocus tube making it capable of scanning in a wide variety of 
conditions allowing it to scan very small objects up to 0.2 μm resolution at the same time 
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considerably large objects up to 1 μm resolution. Due to this unique combination, the CT 
system is a very effective and reliable tool for a wide range of applications from extreme 
high-resolution scans of low absorbing materials as well as for 3D analysis of high 
absorbing objects. 
 
Figure 7.1 GE phoenix v|tome|x s Industrial X-ray CT scanner 
  
 The specifications of the X-ray CT system are tabulated in Table 7.1. 
 
Table 7.1 Specifications of the GE phoenix v|tome|x s Industrial X-ray CT system 
X-ray tube type Open directional high-power microfocus X-ray tube, closed cooling water circuit. 
Optional additional (open) transmission high-power nanofocus X-ray tube 
Max. voltage / power 240 kV/ 320 W 
  dual|tube option for nanoCT®: additional 180 kV/ 20 W high-power nanofocus tube 
with diamond|window | precision rotation unit with air bearings | easy tube 
exchange just by a push of a button 
Geometrical magnification (3D) 1.46 x to 100 x; up to 200 x with nanofocus tube 
Detail detectability Down to < 1 μm (microfocus tube); optional down to 0.2 μm (nanofocus tube) 
Minimum voxel size Down to 2 μm (microfocus tube) 
  Optional down to <1 μm (nanofocus tube) 
Measurement accuracy Not specified according to VDI 2630 
Detector type (all according US 
ASTM E2597 standard) 
Temperature stabilized digital GE DXR detector array,  
200 μm pixel size, 1,000 x 1,000 pixels, 200 x 200 mm (8”), 
2 x virtual detector enlargement 
  Optional 400 x 400 mm (16”) large 4 MPixel DXR detector (without virtual detector 
enlargement) 
Manipulation 5-axes metal precision manipulator, optimized construction for high mechanical 
stability 
Focus-detector-distance 800 mm (8” detector) | 930 mm (16” detector) 
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Max. sample diameter x-height Max. 3D scan size up to 260 mm Ø x 420 mm, max. 400 mm Ø with opt. offset|CT 
and 8” detector 
Max. sample weight 10 kg (22 lbs.) 
Max. focus object distance 545 mm (microfocus tube) 
System dimensions W x H x D 2,170 mm x 1,690 mm x 1,500 mm (85.4” x 66.5” 59”) 
System weight Appr. 2,900 kg /6,400 lbs. (without ext. components) 
Temperature stabilization Active X-ray tube cooling | temperature stabilized detector 
Optional high-flux|target 2 times faster CT scans or doubled resolution; X-ray inspection power up to 100 W 
Opt. 2D inspection bundle Tilt and rotation axes for tilted 2D inspection of samples up to 10 kg (22 lbs.) | 2D 
inspection software 
Software phoenix datos|x 3D computed tomography acquisition and reconstruction software. 
Different 3D evaluation software packages for 3D metrology, failure or structure 
analysis on request 
Radiation protection The radiation safety cabinet is a full protective installation without type approval 
according to German RöV. It complies with French NFC 74 100 and the US 
Performance Standard 21 CFR Subchapter J. For operation, other official licenses 
may be necessary. 
 
7.2.1 Parameters used for X-ray CT imaging 
Even though that the CT X-ray system is capable of scanning in sub micro level resolution 
using the nanofocus tube, this could not be used as the specimen size should be of the 
order of 1mm in each dimension to achieve this magnification using the 200 x 200 mm 
detector of the equipment. Therefore, a microfocus tube was used instead of the nanofocus 
tube to accommodate the 10 x 10 x 10 mm specimen. This size was selected to provide a 
better representation of the heterogenous composite than could be achieved using a 1 x 1 
x 1 mm specimen. 
 
Table 7.2 X-ray parameters used for scans 
Focus tube type Microfocus tube 
Voltage 110 kV 
Current 120 μA 
Power 13.2 W 
Magnification x11.6 
Voxel size 17.25 μm 
Detector 200 μm pixel size, 1,000 x 1,000 pixels, 200 x 200 mm. 
Detector size 2,000 x 1,000 pixels, 400 x 200 mm 
*Using 2 x virtual detector enlargement 
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Figure 7.2 X-ray parameters used for scanse 
7.3 X-ray CT data reconstruction 
The raw data generated from the X-ray tomography is a series of X-ray projections taken 
with precise rotational movement of the object centred in the path of X-ray beam between 
the X-ray source and the detector. The detector collects the X-ray radiation penetrating 
through the object and assigns a value called “grey value” which is a representation of the 
thickness and composition of the material in the X-ray travel path. Combining these 
projections together using software designed for the purpose or a computer program is 
known as CT data reconstruction. The X-ray beam used for X-ray CT imaging can be either 
a Cone beam or Parallel beam. The type of X-ray beam governs the reconstruction method. 
In this instance, phoenix v|tome|x s was equipped with a cone beam and the phoenix 
datos|x CT reconstruction software that was provided by the equipment manufacturer was 
used. This can be also achieved with the image J platform which is an opensource image 
processing tool. CT data reconstruction will generate a 3-dimensional array of the volume 
data. This data can be exported either as a volume file itself for analysis using compatible 
software or a stack of images can be generated at incremental depths of a pixel size from 
top to bottom. 
7.4 Analysis of data from the X-ray CT 
The analysis process of CT X-ray data incorporates categorising the different regions of 
the scanned specimen and labelling them accordingly. This can be achieved by using a 
threshold value to differentiate a void from the material. This process is called 
segmentation. A software program was developed as a part of the project using Python 
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programming language to analyse the data from CT X-ray scans. Functions of the program 
were limited to determining the sizes of pores and tabulating them.  
7.4.1 X-ray CT data analysis using Image processing 
A program was coded using Python programming language to import data from the image 
stack to recreate the 3-D array of the volume file and the custom program utilized denoising 
of slices using a median filtering method, segmentation of volume to distinguish concrete 
matrix from pores and finally assessment of the size of each void in number of volume 
elements or voxels (a unit of graphical information which defines a point in three-
dimensions). These data were graphed as a histogram of pore count distribution against 
pore volume. The  python code developed as a part of the project to enable the analysis is 
shown in Appendix A. 
 
Figure 7.3 Histogram outputs from the program of pore count distribution against pore volume 
 
Figure 7.3 shows two histogram outputs from the python program run on a stack of cross 
sectional images of two samples. The histogram output shows the pore count against pore 
volume where pore volume is measured in number of voxels. To obtain the real pore 
volume distribution these pore volumes should be multiplied by the voxel size which is 
unique to each scan depending on the magnification of the scan. 
During the development updated commercial software became available at RMIT X-ray CT 
facility. The commercial software provided additional innovative and advanced functions. 
As such the commercial software was used in the CT Analysis. 
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7.4.2 X-ray CT data analysis using a commercial software 
VGStudio MAX 3.0 from Volume Graphics which was compatible with the volume output 
generated from the phoenix datos|x was used for CT data analysis. VGStudio MAX is a 
high-end software for the analysis and visualization of industrial computed tomography 
(CT) data. Software comprised of a pore and inclusion analysis module with algorithms to 
analyse the pore volume distribution. Further, the software could identify pore location 
within the sample and colour code them in a digital 3D representation of the sample for 
easier interpretation. A sample pore size analysis is illustrated in Figure 7.4 and colour 
coding used for pore classification is shown in Figure 7.5. 
 
Figure 7.4 Pore analysis using VGStudio MAX 3.0 software 
 
 
Figure 7.5 Pore size classification colour code 
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Figure 7.6 Histogram generated from VGStudio Max 3.0 
  
The program generates a histogram of pore count vs pore volume from the pore analysis. 
A sample histogram is shown in Figure 7.6. Pore size data were extracted to an excel file 
from the histogram and these data were used to draw cumulative pore volume vs pore size 
graphs used for comparison of pore distribution of control and treated specimens. 
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7.5 Tomographic scans of the specimens 
This section will illustrate the method used to complete the X-ray computed tomographic 
scans and interpretation of the results.  
Eight low strength OPC concrete specimens of dimensions 10x10x10 mm3 were saw cut 
from cylindrical specimens of 100 mm diameter and 200 mm height as shown in Figure 7.7 
were scanned using X-ray CT. Specimens were cured in two separate curing conditions 
where half of the specimens were air cured and the rest were kept in the wet/dry cycle 
chamber  where samples were sprayed with water for 1 hour twice a day once during the 
day and once at night until the day before scanning. 
   
Figure 7.7 Concrete specimens used for X-ray CT scans 
 
CT scans were carried out at 4 four separate occasions which are referred to as 0-day, 1-
day, 28-days and 90-days. The time referred to is relative to the sealer application date, ie 
0 day refers to the time immediately before the sealer application and 1 day refers to the 
day after the sealer application. Sealer application was carried out 4 days after concrete 
casting to enable the specimens to develop sufficient structural integrity to allow cutting.  
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7.5.1 Air cured Control specimens 
Figure 7.8 illustrates the development of the pore structure of air cured control specimen 1 
over time up to 90 days. Figure 7.9 illustrates the variation in cumulative pore volume graphs 
over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.8 Graphical representation of the development of pore structure with time 
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Figure 7.9 Cumulative pore volume distribution against pore size of Air cured control specimen 1 
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Figure 7.10 illustrates the development of the pore structure of air cured control specimen 
2 over time up to 90 days. Figure 7.11 illustrates the variation in cumulative pore volume 
graphs over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.10 Graphical representation of the development of pore structure with time 
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Figure 7.11 Cumulative pore volume distribution against pore size of Air cured control specimen 2 
 
The shape of pore size distribution curve for the specimen 2 on day 28 was found to be 
significantly different from the others which displayed similar profiles. It was observed from 
the graphical representation of the pores in Figure 7.10 that the same scattered small pores 
found near the bottom surface of the sample in (a), (b) & (d) was identified as a connected 
singular pore with a much larger pore volume in (c) which resulted in the difference of the 
graphs. Therefore, pore size distribution curve for the specimen 2 on day 28 was excluded 
from the analysis due to the analytical error in the data analysis. 
The total pore volume of both air cured control specimens gradually reduced from day 0 
up to day 90. The highest total pore volume was observed at the earliest age as a result of 
the presence of a significantly higher number of very small, less than 0.1 mm3, pores 
throughout the cementitious matrix. As cement hydration continues the number of these 
pores was greatly reduced by day 1. Subsequently little variation was observed in those 
pores smaller than 0.1 mm3 in volume from day 1 to day 90.  
The shape of the cumulative pore volume graphs, from day 1 to day 90 were very similar, 
with some lateral or vertical shift for both specimens. From day 0 to day 1 there is a 
combination of a downward vertical shift and a lateral shift to the right of the curve which 
can be explained as a reduction of the total number of pores and a percentage of pores 
combining together to form pores larger in size. From day 1 to day 28 there is a lateral shift 
of the curve to the left which can be explained as the pores of similar sizes contract to 
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create smaller pores which result in the reduction of the total pore volume. This behaviour 
is caused by the cement hydration process forming C-S-H gel in the pore matrix which fills 
the pores resulting in reducing the sizes of pores (Neville 1995).  
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7.5.2 Air cured Treated specimens 
Figure 7.12 illustrates the development of the pore structure of an air cured treated 
specimen 1 over time up to 90 days. Figure 7.13 illustrates the variation in cumulative pore 
volume graphs over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.12 Graphical representation of the development of pore structure with time 
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Figure 7.13 Cumulative pore volume distribution against pore size of Air cured treated specimen 1 
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Figure 7.14 illustrates the development of the pore structure of air cured treated specimen 
2 over time up to 90 days. Figure 7.15 illustrates the variation in cumulative pore volume 
graphs over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.14 Graphical representation of the development of pore structure with time 
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Figure 7.15 Cumulative pore volume distribution against pore size of Air cured treated specimen 2 
  
The total porosity of the air cured treated specimen 1 was observed to reduce from day 0 
to day 1 then increase at day 28 before subsequently reducing to that observed at day 1 
by day 90. A similar result to the untreated specimens was observed in that a larger number 
of very small pores (less than 0.1 mm3) were observed at day 0. Again, similar to the data 
for the untreated specimens, the pores smaller than 0.1 mm3 in size displayed little 
variation between day 1 and day 90. The only difference between the treated and untreated 
specimens observed was the reduction of mid-sized pores at day 28 and the incremental 
increase of total pore volume at the same date. This is surprising as it would be expected 
that the pore volume would decrease as hydration progressed. 
The variation in the total pore volume and pore distribution of the specimen 2 was observed 
to be similar to the specimen 1, apart from the mid-sized pores which were observed to be 
reduced by day 90 where in the specimen 1 this was observed at day 28. This variation 
may have been caused by to different rates of hydration within the two specimens coupled 
with the heterogeneous nature of concrete. 
Overall no significant impact from the treatment was observed there being no significant 
changes to the total pore volume or the pore distribution following treatment. 
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7.5.3 Wet/dry cured Control specimens 
Figure 7.16 illustrates the development of the pore structure of wet/dry cured control 
specimen 1 over time up to 90 days. Figure 7.17 illustrates the variation in cumulative pore 
volume graphs over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.16 Graphical representation of the development of pore structure with time 
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Figure 7.17 Cumulative pore volume distribution against pore size of wet/dry cured control specimen 1 
 
  
Chapter 7: X-Ray Computed Tomography Analysis 
 
113  
Figure 7.18 illustrates the development of the pore structure of wet/dry cured control 
specimen 2 over time up to 90 days. Figure 7.19 illustrates the variation in cumulative pore 
volume graphs over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.18 Graphical representation of the development of pore structure with time 
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Figure 7.19 Cumulative pore volume distribution against pore size of wet/dry cured control specimen 2 
 
A similar analytical error to that occurred in air cured control specimen 2 was observed at 
day 28 where scattered small pores were calculated as one clustered large pore which 
made the difference in the graph of day 28. Therefore, pore size distribution curve for the 
specimen 2 on day 28 was excluded from the analysis due to the analytical error in the 
data analysis. 
The total porosity of the water cured control specimen 1 was observed to gradually reduce 
from day 0 to day 90 while that of the specimen 2 was observed to increase from day 0 to 
day 1 and day 90. No significant variation was observed in the pores smaller than 0.1 mm3 
in both specimens. 
The only difference between the air cured control and water cured control specimens is 
that the mid-sized pores were observed to be greatly reduced at day 90 in water cured 
specimens compared to air cured specimens.  
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7.5.4 Wet/dry cured Treated specimens 
Figure 7.20 illustrates the development of the pore structure of wet/dry cured treated 
specimen 1 over time up to 90 days. Figure 7.21 illustrates the variation in cumulative pore 
volume graphs over time up to 90 days. 
 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.20 Graphical representation of the development of pore structure with time 
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Figure 7.21 Cumulative pore volume distribution against pore size of wet/dry cured treated specimen 1 
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Figure 7.22 illustrates the development of the pore structure of wet/dry cured treated 
specimen 2 over time up to 90 days. Figure 7.23 illustrates the variation in cumulative pore 
volume graphs over time up to 90 days. 
 
 
(a) 0day 
 
(b) 1day 
 
(c) 28days 
 
(d) 90days 
Figure 7.22 Graphical representation of the development of pore structure with time 
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Figure 7.23 Cumulative pore volume distribution against pore size of wet/dry cured treated specimen 2 
 
The samples were introduced to wet/dry curing on day 2 as the sealer treatment was water 
soluble and needed some time to cure.  
Specimens displayed significantly different characteristics to the both the wet/dry control 
specimens and to the air cured treated specimens. Specimen 1 showed a significant 
increase in the total pore volume following the treatment while the specimen 2 showed a 
significant reduction following the treatment despite the fact that these specimens were not 
exposed to wet/dry curing cycle during this period rendering them identical to the air cured 
treated specimens.  
After exposing to the wed/dry curing cycle specimen 1 displayed a subsequent decrease 
in total pore volume between 1 and 28 days followed by a further significant increase to 90 
days. On the other hand, specimen 2 showed a significant increase in pore volume 
between 1 and 28 days and a decrease between 28 and 90 days.  
The distribution of pores smaller than 0.1 mm3 was observed to be very similar. The 
variation of pore distribution is due to changes in the quantity and size of the pores larger 
than 0.1 mm3 in both specimens. 
Two specimens showed completely opposite behaviour and also the variations are 
significantly larger than those in any of the other specimens. The high initial porosity of the 
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matrix is not governing the anomalous performance of the sealer since specimen 2 has a 
very high porosity while specimen 1 does not. Even though, a similar behaviour to wet/dry 
cycle cured control specimens is expected After exposing to wet/dry curing cycle at day 2, 
this was not observed. A reduction in the pore volume is expected between day 1 and 28 
since water curing is now in effect. This was observed in specimen 2, but not in specimen 
1. Therefore, it is hypothesised that the observed behaviour is due to the water curing 
which affects the performance of the treatment probably due to the interaction of hydrogel 
and water which ultimately increases the porosity. This correlates with the carbonation and 
chloride diffusion data observed from the wet/dry cycle cured specimens (Section 6.3.1 & 
Section 6.4) where the treated specimens displayed inferior properties to the untreated 
specimens . Further research is needed in to the interaction of hydrogel and water curing 
to fully understand this anomalous behaviour. 
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7.6 Summary 
This chapter illustrates the capability of X-ray computed tomography imaging technique in 
determining the pore structure of concrete to assess the effects of sealer treatments in a 
microscopic scale. Being a novel study, a number of difficulties were encountered during 
the study in developing the technique, determining suitable parameters for X-ray power for 
imaging, data reconstruction and analysis of data. A lot of data gained were found to be 
obsolete later due to the trial and error method that had to be employed in overcoming 
these difficulties. Nevertheless, an effective method was established including the 
development of a software package to enable the analysis of the CT images. This software 
enabled the assessment of the effects of sealer treatment on the microstructure using X-
ray CT imaging. The following conclusions can be drawn from this chapter. 
• X-ray computed tomography technique can be successfully used to determine the 
pore structure of concrete. 
• X-ray parameters suitable for imaging a concrete specimen of 10x10x10 mm3 was 
established as Voltage:110 kV, Current:120 μA resulting in an X-ray power of 13.2W 
at 20 μm resolution. 
• Two methods for data analysis was discussed in the study where one uses in- house 
developed program using python programming language and another using a 
commercial software. 
• No significant effect was observed in the microstructure from the application of the 
treatment on air cured low strength OPC concrete specimens. However, the wet/dry 
cycle cured specimens showed anomalous behaviour with evidence of an increase 
in porosity with the treatment. Further research is needed to fully understand the 
effect of the sealer. 
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8. CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Overview 
This chapter presents the summary and the main conclusions which can be drawn from 
the investigation of the effect of the sealer treatment on mechanical, durability and 
microstructural properties of concrete. Recommendations are provided for future research 
into hydrogel sealers. Further improvements to the proposed X-ray CT application are also 
discussed.  
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8.2 Summary and Conclusion 
8.2.1 Effect of treatment on mechanical & durability properties of concrete 
Six types of concrete mixes namely GGBS mix, 30% fly ash mix, OPC mix, 20% fly ash 
mix, high strength mix and a low strength OPC mix were tested using compressive 
strength, modulus of elasticity, Poisson’s ratio, rebound number and UPV as guidelines for 
measuring the impact on mechanical properties of concrete from a hydrogel-based sealer 
product. Based on the data it can be concluded that; 
• There is no significant benefits or adverse effects from the use of sealer treatment 
on the compressive strength.  
• The 1 day treated specimens 20% FA specimens did show a small improvement in 
compressive strength compared to the 28 day treated and control specimens, but 
the high strength concrete did not demonstrate any impact. 
• The modulus of elasticity and Poisson’s ratio results showed no significant 
difference between treated and control specimens demonstrating that there is no 
significant benefits or adverse effects from the use of sealer treatment. 
• The time of treatment had no effect on the modulus of elasticity or Poisson’s ratio 
• The results indicate that the surface hardness of concrete is not affected by the 
sealer treatment or the time of treatment. 
• The results indicate that the UPV values of concrete is not affected by the sealer 
treatment or the time of treatment. 
• The sealer treatment initially has a significant improvement on the air permeability. 
However, this improvement reduces with time. In addition, the improvement is more 
pronounced in 1 day treated specimens than 28 day treated specimens. 
• The 28 day treated 20% fly ash has higher air permeability than control concrete at 
365 days. 
• The treatment provides an improvement in the water permeability of the GGBS 
concrete and the high strength concrete but has no effect on the OPC concrete mix. 
• The 1 day treated fly ash concrete displays has a similar water permeability index 
compared to the control concrete. However, the 28 day treated 20% fly ash has 
higher water permeability than control concrete at 365 days. 
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• The 90 day air and water permeability tests displayed increases in permeability for 
treated specimens and decreases for control specimens, contradictory to the 
expected behaviour based on the mechanical data. Further investigation is required 
to identify if this is a function of the chemistry of the specimens or of the monitoring. 
• The treatment had no effect on the electrical resistivity of concrete  
8.2.2 Effect of treatment against chloride resilience and carbonation 
Four types of concrete mixes namely GGBS mix, 30% fly ash mix, OPC mix and a low 
strength OPC mix were tested using 90-day chloride ponding, long-term chloride ponding 
and carbonation as guidelines for measuring the impact of the hydrogel-based sealer 
product. The following conclusions were made from the study. 
• GGBS concrete mixes benefit from the sealer treatment in retarding chloride ingress 
in short term. However, the effect fades with time. 
• The treatment was able to reduce the total chloride ion concentration of in cast in 
chloride specimens in the initial 30 mm. Beyond this depth the treatment is less 
effective and may even increase chloride concentration. Further testing is required 
to fully establish the effective depth of treatment of the sealer. 
• Sealer treatment was found to reduce the total chloride concentration and the free 
chloride concentration of ponded concrete specimens. 
• Sealer treatment failed to affect free chloride concentration, but bound chloride 
concentration was found to be reduced from the treatment when applied to cast in 
chloride specimens, indicating that physically absorbed chloride was being 
removed. 
• Treated GGBS and OPC concrete specimens found to have improved resilience 
against carbonation. 
 
8.2.3 Penetration depth of the sealer 
A method was proposed to measure the penetration depth of the sealer using FT-IR 
spectroscopy as a qualitative measure. But the proposed method was found to be obsolete 
due to technical shortcomings.  
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8.2.4 Using X-ray tomography imaging technique in determining the pore structure 
of concrete 
A novel method was proposed to use X-ray computed tomography imaging technique in 
determining the pore structure of concrete to assess the effects of sealer treatments in a 
microscopic scale. The following conclusions were made from the study. 
• X-ray computed tomography technique can be successfully used to determine the 
pore structure of concrete. 
• X-ray parameters suitable for imaging a concrete specimen of 10x10x10 mm3 was 
established as Voltage:110 kV, Current:120 μA resulting in an X-ray power of 13.2W 
at 20 μm resolution. 
• Two methods for data analysis was discussed in the study where one uses in house 
developed program using Python programming language and another using a 
commercial software. 
• No significant effect was observed in the microstructure from the application of the 
treatment on air cured low strength OPC concrete specimens. However, the wet/dry 
cycle cured specimens showed anomalous behaviour with evidence of an increase 
in porosity with the treatment. Further research is needed to fully understand the 
effect of the sealer in the presence of water. 
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8.3 Recommendations for future research 
Future work should be undertaken to gain a better understanding of the undelaying 
chemistry of hydrogel-based sealer products. Further research should be carried out on 
identifying more details about the chemical composition of the sealer which will enable to 
provide better explanations to the underlying mechanisms between the sealer and 
cementitious materials during the cement hydration process. 
 
• Sealer treatment was found to have an adverse effect on the low strength concrete 
mixes and further research is needed in order to explore possible explanations for 
the observed anomalous behaviour. 
• Further research is needed to fully understand the effect of the sealer in the 
presence of water. This will enable rationalizing the observed anomalous behaviour 
of an increase in porosity with the treatment in wet/dry cycle cured specimens. 
• Further investigation is required to identify if the anomalous behaviour observed in 
90 day air and water permeability tests is a function of the chemistry of the 
specimens or of the monitoring. 
• Further testing is required to fully establish the effective depth of treatment of the 
sealer. 
• Further detailed investigation of the mechanical properties is required to enable 
comparison with the findings of previous research. 
• Further work involving X-ray computed tomography is required to identify the 
correlation between the tomography results and the mechanical strength results. 
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APPENDICES 
Appendix A: Python code developed to analyse X-ray CT data 
from skimage.external import tifffile as tif 
import matplotlib.pyplot as plt 
import numpy as np 
from scipy.ndimage import filters 
from scipy import ndimage 
from skimage.restoration import denoise_nl_means, denoise_tv_chambolle 
from skimage.morphology import binary_opening, binary_closing 
from skimage.filters import threshold_otsu, rank 
from skimage.morphology import disk 
 
fol = 'F:\\site-concrete\\5816_B52_1_Slices\\' 
 
def openslices(slices): 
sl = str(slices).zfill(4) 
selem = disk(500) 
return selem*tif.imread(fol+'5816_B52_1_Slice_'+sl+'.tif').astype('uint16') 
 
slices = 831 
selem = disk(500) 
 
vol = np.transpose(np.asarray(list(map(openslices, range(slices)))), 
axes=[2,1,0]) 
 
otsu = threshold_otsu(vol) 
segm = vol < otsu 
 
del vol 
 
s = ndimage.morphology.generate_binary_structure(3,3) 
segm2 = binary_closing(segm, selem=s) 
del segm 
 
im_label, nb_labels = ndimage.label(segm2, structure=s) 
 
# Compute size of each region: 
sizes = ndimage.sum(segm2, im_label, range(nb_labels + 1))[2:] 
del segm2 
#if np.max(sizes)<65536: 
#    im_label = im_label.astype('uint16') 
 
index = (np.sum(im_label>1).astype('float32'))/np.sum(im_label==0) 
del im_label 
 
print(index) 
 
#evaluate the histogram 
range = (2, sizes.max()) 
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nbins = int(sizes.max()-2) 
hh, bin_edges = np.histogram(sizes,range = range, bins=nbins) 
x = 0.019536261**3*0.5*1000*(bin_edges[:-1] + bin_edges[1:]) 
 
np.savetxt(fol+'5816_B52_1_Slice_hist.txt', np.c_[x,hh]) 
 
width=x[2]-x[1] 
plt.bar(x[:100],hh[:100], width, color='r') 
plt.show() 
 
#Check that the log-log plot is linear 
plt.loglog(x[:100],hh[:100]) 
plt.show() 
 
 
